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ABSTRACT OF DISSERTATION

MAGNETO-OPTICAL EFFECTS AND PRECISION MEASUREMENT
PHYSICS: ACCESSING THE MAGNETIC FARADAY EFFECT OF
POLARIZED 3 HE WITH A TRIPLE MODULATION TECHNIQUE
This work is comprised of the study of two magneto-optical phenomena: the Kerr
effect and the Faraday effect. Neutron physics experiments often utilize polarized
neutrons, and one method to generate or guide polarized neutrons involves the use of
a system of magnetic super-mirrors. Experience shows that the magnetization of the
super-mirror may decay with time; therefore, we implemented the surface magnetooptical Kerr effect (SMOKE) to study the temporal behavior of the magnetization
of a magnetized remnant super-mirror sample, where a sensitivity of 0.1 mrad was
obtained. Unique to our set-up was the method in which the various magnetization
directions were probed. The sample was magnetized prior to insertion into the setup, and a high precision rotational stage was used to manually rotate the sample to
effectively generate a reversal of the magnetic field. Multiple samples from a larger
super-mirror specimen were tested, in which no change in the magnetization was
detected for one month after sample magnetization. Further studies could increase
the sensitivity of the experiment, potentially rendering the method as an application
for real-time magnetization monitoring.
Polarized 3 He nuclei are often used as an effective polarized neutron target at
various laboratories, including Jefferson Lab, through the use of spin-exchange optical
pumping in a glass cell constructed of GE-180. Utilizing the nuclear spin optical
rotation to measure the Faraday effect of polarized 3 He would develop a new procedure
for polarization monitoring, establish a powerful tool to diagnose the wall properties
and thicknesses of the cells used, and the determination of the frequency independent
magnetic component of the polarizability would ultimately lead to the extraction of
the spin polarizability of 3 He. Furthermore, this study has the future implications
of being the pioneer experiment for terrestrial dark matter studies. A new triple
modulation technique was devised, where a sensitivity of 60 nrad was obtained, and
the first ever extraction of the Verdet constant of GE-180 was recorded, an important
factor in wall thicknesses and diagnostic investigations for Jefferson Lab. However,
a measurement of the nuclear spin optical rotation of a polarized 3 He target was

not realized, as the measured polarization suggests a Faraday rotation just below
the 60 nrad threshold. Nevertheless, the devised triple modulation method proves
to be a very sensitive probe in Faraday effect studies, and additional examination
of the polarized target for the production of a larger polarization, should yield a
measurement of the nuclear spin optical rotation of polarized 3 He.
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Chapter 1 Introduction

1.1

Precision Measurement Physics and Magneto-Optical Effects

Precision measurement physics continues to be a rich field that pushes the envelope
of experimental techniques, testing physics beyond the Standard Model. Magnetooptical effects have various applications that can be utilized for system monitoring.
Neutron physics experiments often use polarized neutrons, and one method to generate or guide polarized neutrons involves the use of a system of magnetic super-mirrors.
Experience shows that the magnetization of the super-mirror may decay with time;
therefore, we implemented the surface magneto-optical Kerr effect (SMOKE) to study
the temporal behavior of the magnetization of a magnetized remnant super-mirror
sample, potentially rendering the method as an application for real-time magnetization monitoring of the super-mirror guides used in an experiment such as the search
for neutron electric dipole moment (n-EDM) at Oak Ridge National Lab.
Furthermore, polarized 3 He nuclei are often used as an effective polarized neutron
target for various experiments, such as those performed at Jefferson Lab (JLab),
SLAC, HIγs, and HERMES at DESY. Polarized 3 He is obtained through the use
of spin-exchange optical pumping in a glass cell. Utilizing the nuclear spin optical
rotation to measure the Faraday effect of polarized 3 He would give rise to a new
procedure for polarization monitoring, and establish a powerful tool to diagnose the
wall properties and thicknesses of the hybrid cells used.

1.1.1

The Implications of a Neutron Electric Dipole Moment

The neutron, a fermion with spin 1/2, is a neutral composite particle comprised of the
combination of two down quarks and one up quark. If there is a permanent separation
of the charged constituents within the neutron, then the neutron can have an electric
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dipole moment (EDM) oriented along its spin axis, as components perpendicular
cancel [1], [2]. Time reversal (T ) symmetry is violated due to the alignment of the nEDM with the neutron spin. Under T, spin is odd but an EDM is even, which results
in the direction of the neutron spin being reversed, but the direction of the n-EDM
remaining unaffected. This implies that if T were a good symmetry, the neutron
would have a double degeneracy that allows for the n-EDM to be either parallel or
anti-parallel to the spin; that is, the n-EDM must be zero. However, neutrons have a
non-degenerate ground state, as determined from neutron scattering [1]. Therefore,
the existence of a n-EDM violates T, and hence charge conjugation and parity, or
CP, via the CPT theorem.
Since the discovery in 1964 of CP violation in the decay of the neutral K 0 particle,
the search for the n-EDM has been at the forefront for the understanding of CP and
T violation processes. As a result, the search for n-EDM may be used as a tool in
testing models beyond the SM, which predicts that the n-EDM is less than 10−32 e ·
cm, while describing the CP violation through the introduction of a single complex
parameter. However, the SM does not account for the baryon asymmetry observed in
the universe, requiring CP violation via a different mechanism [1]. Theories that go
beyond the SM predict from interactions that are proposed to produce the observed
baryon asymmetry, a larger value for the n-EDM near the 10−28 e · cm level or greater
[1]. With improvements in techniques and technology, the experimental limit for the
n-EDM has continued to increase in sensitivity, as Fig. (1.1) shows. A proposed
experiment at Oak Ridge National Lab is intended to reach a sensitivity level of 3 ×
10−28 e · cm, thus becoming an integral test for the models beyond the SM.
As a precision measurement experiment, the understanding of systematic effects
is essential. Therefore, it is important to have precise knowledge of the polarization of
the neutrons during the n-EDM experiment. Remnant super-mirrors are used to generate and guide polarized neutrons; thus, a precise study of the magnetic properties of
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Figure 1.1: Sensitivity of EDM searches as a function of time compared to theoretical
predictions [3].

super-mirrors is needed for systematic purposes. One technique for probing the magnetic properties of thin films is the Surface Magneto-optical Kerr Effect, or SMOKE,
and as such, may be employed for studying remnant super-mirrors. Thus, SMOKE
was incorporated in a new method for probing various magnetization directions, to
investigate the temporal behavior of the magnetization of a remnant magnetic supermirror sample, as experience shows that the magnetization may decay with time.
This SMOKE technique may be implemented for real-time magnetizing monitoring
in high precision experiments such as the n-EDM study at Oak Ridge National Lab.

1.1.2

Polarized 3 He Target Experiments

Polarized 3 He has emerged as neutron spin filter, and serves as a polarized neutron target for numerous experiments, as free neutrons beta decay into a proton, an electron,
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and an electron anti-neutrino, with a half-life of 880.0 ± 0.9 s [4]. Therefore, the 3 He
nucleus effectively behaves as a neutron, an appealing feature for experiments, such as
those performed at Jefferson Lab (JLab), SLAC, HIγs, and HERMES at DESY, that
require a neutron target for the study of the spin structure functions of the neutron.
Electron scattering experiments at Jefferson Lab rely on nuclear magnetic resonance,
electron paramagnetic resonance, and elastic scattering asymmetries for measuring
the polarization of the 3 He target. Furthermore, the complicated geometries of the
target cells used increase the difficulty of determining cell wall thickness, which is
vital for radiative corrections to be applied to the electron scattering data [5].
A study of the Faraday rotation generated by the nuclear spins of the polarized
3

He has numerous applications, as this may give insight to the intrinsic properties of

the neutron, and its fundamental properties. Furthermore, experiments performed at
JLab also benefit from this study, as the techniques developed in this work may be
incorporated for the introduction of a new method for polarization monitoring, and
as a means to measure wall thicknesses of the cells used. Through the examination
of the Faraday rotation to extract the Verdet constant of GE-180, an aluminosilicate
glass from which the JLab cells are constructed, the wall thickness measurements has
been developed and may be readily used at JLab.
Furthermore, the wavelength independent magnetic Faraday effect of polarized
3

He has implications for being the pioneer experiment for terrestrial dark matter

(DM) studies, as polarized 3 He draws many parallels to a proposed DM experiment.
The intrinsic structure of DM is uncertain, but evidence for the existence of DM,
approximately a 23% constituent of the energy density of the universe, stems from
astronomical observations for gravitational interactions [6], [7]. An experiment designed to measure a Faraday rotation to probe the magnetic moment of DM was
proposed by S. Gardner, given a formalism of DM being comprised of cold, neutral
particles with a non-zero magnetic moment; this depiction then shows that an ap-
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plied magnetic field could spin polarize DM, given a large magnetic field strength,
and is similar in nature to studies conducted by the PVLAS collaboration, where a
transverse B-field was applied to measure the vacuum birefringence [8]. The Faraday
effect of polarized 3 He, therefore, provides information as to the sensitivity that can
be reached for such a measurement, including what techniques may be implored.

1.2

Thesis Overview

This thesis presents results from two experiments studying magneto-optical effects;
the first involves SMOKE and the second entails the Faraday effect. SMOKE was
applied to study the temporal behavior of a remnant magnetic super-mirror sample,
where a new method for probing different magnetization directions was employed.
The second implemented a new triple modulation technique to study the optical
rotation induced by nuclear spins of a polarized 3 He target.
Chapter 2 serves as a general introduction to magneto-optical effects. First, an
historical overview of Michael Faraday’s discovery is given, followed by a short review
of the polarization of light. Then, the origin of the effects is given, with a detailed
discussion of SMOKE, including the three Kerr effect orientations, and the Faraday
effect.
Chapter 3 focuses on the SMOKE experiment, outlining the optical properties
of neutrons that form the basis of super-mirrors, and the experimental procedure
utilized for this study. A detailed description of the set-up is presented, including a
discussion of photoelastic modulators, signal analysis, and procedure. Results from
an Au calibration sample and various super-mirror samples are given, with concluding remarks on the temporal behavior observed. Further studies and improvements
to the method are discussed for the possibility of implementation into the n-EDM
experiment as an magnetization monitoring system.
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The Faraday effect of polarized 3 He is discussed in Chapter 4. The chapter begins
with a description of the spin-exchange optical pumping technique used to polarize
3

He, as well as the target and oven system implemented during the experiment. A

detailed discussion of the new triple modulation method developed for calibration and
background measurements is given, including set-up, procedure, and signal analysis.
Results are presented from this study, as well as the first ever extraction of the Verdet
constant of GE-180 glass. The chapter then describes the set-up and procedure used
for measuring the nuclear spin optical rotation from polarized 3 He, where a nuclear
magnetic resonance spin flip modulation technique is discussed. The data collected
for polarized 3 He is presented, and the chapter concludes with future studies and
implementations of this procedure in upcoming experiments.

Copyright c Gretchen Phelps, 2014.
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Chapter 2 Light Interacts With Magnetic Fields

The discovery of magneto-optical effects evoked a new thought that the nature of
light was an electromagnetic entity, and played a central role in the contribution of
the development of Maxwell’s electromagnetic theory [9]. Michael Faraday was at the
forefront of this phenomenon, as in 1845 he showed that light interacts with magnetic
fields. He announced his discovery as Magnetization of Light, and the Illumination of
the Lines of Magnetic Force, marking the first observation of an interaction between
light and magnetism, as well as the beginning of the field of magneto-optics [9]. In
his experiment, horizontally polarized light was incident upon a Nichol’s eyepiece,
which was oriented such that an extinction of the light was obtained. He then placed
a 0.500 thick piece of glass, approximately 200 × 200 , between the poles of a magnet
[10]. The introduction of the glass into the light path still rendered the same result,
an extinction of the light; however, when a magnetic field was applied, he detected a
rotation in the plane of polarization of the transmitted beam through the glass that
was dependent upon the strength of the magnetic field [10].
Faraday’s findings were further expanded upon when in 1876 John Kerr discovered
the corresponding effect in the reflection of polarized light from the pole of a magnet
[9], [11]. This effect was later named the magneto-optical Kerr effect or MOKE, and
in 1985, SMOKE, or surface magneto-optical Kerr effect, was generated with the application of the Kerr effect to surface magnetism [12]. These early experiments helped
develop a new view of force and space, concluding that space was the medium that
allowed the propagation electric and magnetic forces, thus ushering in the concept of
field theory.
An introduction into magneto-optical effects shows that the phenomenon arises
from the different interactions of the magnetized medium to right and left-handed
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circularly polarized light. In this experiment, linearly polarized light was incident
upon the sample in question. Linearly polarized light, however, with a given plane
of polarization, may be expressed as the superposition of two circularly polarized
components, that is, it is a decomposition of right-handed and left-handed circularly
polarized waves [12], [13]. In the presence of a magnetic field, the indices of refraction
n+ and n− , for right-handed and left-handed circularly polarized light, respectively,
become disparate, thus generating variant velocities, c/n+ and c/n− , at which the two
circularly polarized components propagate. The two circular modes become out of
phase, and the resulting superposition, upon leaving the medium, is linearly polarized
light whose plane of polarization has been rotated relative to the original direction
[14]. Also, different absorption rates results in unequal amplitudes for the two circular
modes, which causes elliptically polarized light to emerge after the light interacts with
the sample [9], [12].

2.1

Characterization of Light Polarization

Light is a transverse electromagnetic wave with wavelength λ, and frequency ν. The
transverse electric field vector may be decomposed into two orthogonal components,
the resultant of which defines the polarization state of the light. Assuming a simple
harmonic wave propagating along the z axis, the amplitude of these components may
be mathematically described as:
Ex = E0x cos(τ + δx ),
Ey = E0y cos(τ + δy ),

(2.1)

Ez = 0.
Here E0x and E0y are the amplitudes of the electric field in the x and y directions,
τ = ωt − kz with ω being the angular frequency and k being the wave number, and
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δx and δy are phases. Upon eliminating τ between Ex and Ey in Eq.(2.1) one obtains
the following expression:


Ex
E0x

2


+

Ey
E0y

2
−2

Ex Ey
cos δ = sin2 δ,
E0x E0y

(2.2)

where δ = δy − δx is the relative phase shift between the vibrations in the x and
y directions. The above expression describes the most general state of polarization,
elliptical polarization, as the oscillation of the resultant electric field vector traces an
ellipse in a plane normal to the direction of propagation [15]. The amplitudes E0x and
E0y , along with δ, determine the degree of elliptical polarization. Consider Fig. (2.1),
an example of the polarization ellipse. The major and minor axes are represented
by a and b, respectively, which in general, are not in the X and Y coordinate axes
directions. The angle, 0 ≤ ψ < π, is the azimuth between the positive X and positive
ξ axes, defines the orientation of the ellipse.
Linear and circular polarizations are special cases of elliptical polarization. In
the linear polarization case δ = 0, indicating that the two orthogonal components
are in phase and E0x /E0y is a constant. For describing linearly polarized light, one
typically uses the convention of s and p polarized light, where the oscillations of the
electric field vector are normal and parallel to the plane of incidence, respectively.
Therefore, the electric field vector traces a line, an example of which is shown in
Fig. (2.2). Furthermore, circular polarization arises when the amplitudes E0x = E0y
and δ = ±π/2, resulting in a circle being traced out by the resultant electric field
vector. Right-handed circularly polarized light is obtained when the resultant electric
field vector is rotating clockwise as the observer looks toward the source, and lefthanded circularly polarized light is generated when the rotation is oriented in the
counterclockwise manner. One should note that this convention is opposite from the
standard particle physics definition of left and right-handed.
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Figure 2.1: A schematic diagram of the polarization ellipse.

To further characterize the polarization of light, Jones matrices or Stokes vectors
are used. Both characterizations implement matrices or vectors to represent polarized
light, but only Stokes vectors can be used to represent partially polarized or unpolarized light [16]. Optical elements, such as wave-plates or linear polarizers, have a
corresponding Mueller matrix that shows how the polarization of light is transformed;
therefore, Jones matrices and Stokes vectors may be used to extract the final state
of the light in a particular system. Jones matrices describe the state of polarization
with a two-element column vector, representing the relative amplitude and phase of
the orthogonal components Ex and Ey of the electric field vector. Stokes vectors
incorporate a four element column matrix with three independent parameters,
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δλ
2π

δ=

π
2
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δ = 0.35 ∗ 2π
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2π

Figure 2.2: The states of polarization [17]. The top image represents linearly polarized
light with δ = 0, the middle image shows circularly polarized light with δ = π/2, and
an example elliptically polarized light is demonstrated in the last figure.

S0 = E02x + E02y ,
S1 = E02x − E02y ,

(2.3)

S2 = 2E0x E0y cos δ,
S3 = 2E0x E0y sin δ,
where the following relation holds:
S02 = S12 + S22 + S32 .

(2.4)

S0 , the first element in the Stokes vector, corresponds to the total intensity of the
wave. The three remaining parameters specify the orientation and sense in which
the ellipse is being described [18]. More specifically, S1 represents the difference in
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intensities between horizontal and vertical linearly polarized components, S2 describes
the difference in intensities between linearly polarized components at ±π/4, and S3
is the difference between intensities of right and left-circularly polarized light [16].

2.2

Magneto-Optical Kerr Effect

In general, polarized light reflected off of a metal surface becomes elliptically polarized
[18]. The complex index of refraction of the metallic surface is given by ñ = n − ik,
where n is the real index of refraction and k is the absorption coefficient. Thus, a
complex angle of refraction, given by ϑt , is obtained, as shown below via Snell’s law:
nair sin ϑi = ñ sin ϑt .

(2.5)

The angle of incidence from an air medium is denoted by ϑi . This results in the
parallel and perpendicular components of the reflected wave being complex as well;
therefore, a characteristic phase change occurs on reflection, generating elliptically
polarized light from initially linearly polarized light [18].
The Kerr effect may also result in the reflected light wave becoming elliptically polarized, but unlike reflection from a non-magnetized surface, the plane of polarization
may also undergo a rotation. A Kerr effect is manifested as a change in polarization or
in the intensity of light that is reflected from the surface of a magnetized medium, the
size of which depends upon the material, the saturation magnetization of the surface
domains, the wavelength of the incident light, and the angle of incidence [19]. Thus,
a Kerr effect may be applied to any metallic magnetic material with a sufficiently
smooth surface [20].
Magnetization of ferromagnetic materials may be explained in terms of the magnetic domain theory. Weiss devised a molecular field that modeled the average effect
of the magnetic interaction, which was later expanded upon by Heisenberg when he
identified the nature of the field in the quantum mechanical exchange effect [20].
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Later, Bloch was able to theoretically analyze transitions between domains, resulting in domain walls containing a width of several hundred lattice constants, a result
stemming from Heisenberg’s exchange interaction that opposes a sudden transition.
In the simplest definition, domains are regions of uniform magnetization within
a sample [20]. Magnetic microstructure, or domain analysis, is implemented for a
description of the spatial arrangements of domains and domain walls. Domains are
separated by various domain walls that have a typical thickness on the order of 10 nm
[21]. Therefore, a magnetic sample is described by a collection of magnetic moments
~ , which is a local
whose orientation is specified by a spatial varying magnetization M
parameter averaged over a physically small volume [22]. Domains, as stated by Bloch,
Landau, and Lifshitz, form in order to minimize the total energy [20]. An exchange
interaction is used to describe the alignment of neighboring magnetic moments. This
interaction emanates from the Coulomb coupling between the orbitals of the electrons
and from the Pauli exclusion principle, and has an expression given by:
Eex = −J S~1 · S~2 ,

(2.6)

where J is the exchange integral, which has the property of J > 0 for ferromagnetic
materials, and S~1 , S~2 are spin operators [22]. Even though the exchange interaction
is quantum mechanical in nature, the correspondence principle allows for a classical
treatment of the average magnetization. Furthermore, the exchange interaction is
isotropic in space, that is, for a given magnetic state, the energy is independent
of the direction the sample magnetization. Nevertheless, there exists a magnetocrystalline anisotropy, which is generally small in comparison to the exchange energy.
This anisotropy results in the preference of the magnetization vector to align with
a so-called easy axis, which is the direction in which the magnetization energy is
minimized [20], [22].
~ , may be considered as a vector field that
For most cases the magnetization, M
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~ and magnetic field H
~
is continuous and is related to the magnetic flux density B
~ = µ0 H
~ +M
~ and M
~ = χH
~ respectively, where χ is the magnetic
via the relations B
~ is known.
susceptibility of the material. The domain structure is thus specified if M
Techniques for domain observation, such as magneto-optical methods, are directly
sensitive to the magnetization; this is based on the weak dependence of optical constants to the direction of the magnetization, as the domains are characterized by the
orientation of the magnetization with respect to the polarization of the incident light,
such that this determines the degree of rotation observed [20], [23].
The underlying description for the Kerr effect, as well as the Faraday effect, lies
in the dielectric tensor, which determines the optical properties of a medium by
the motion of the electrons [12]. When a sample has a surface magnetization, offdiagonal terms arise in the dielectric tensor, which ultimately causes the magnetooptical phenomenon [9].
For a medium, the 3 × 3 dielectric tensor can be broken into a symmetric and an
antisymmetric part, whereupon the symmetric part can be diagonalized; thus, the
symmetric part does not contribute to the magneto-optical effect and it is assumed
that it is isotropic with the dielectric constant 0 [12]. The following expression depicts
the coupling of the anti-symmetric terms in the dielectric tensor to the magnetization
of a sample:




iQz −iQy 
 1



˜ = 
−iQ
1
iQ
z
x ,



iQy −iQx
1

(2.7)

~ = (Qx , Qy , Qz ) = Q(α,β,γ)
~
where Q
is the Voigt vector, and α, β, γ are the direction
cosines of the magnetization [12], [24]. The two indices of refraction for left and
right-circularly polarized light may be expressed in terms of the Voigt vector and the
unit vector, k̂, that is oriented along the direction of the light propagation; these
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expressions are given by:
1~
n+ = n(1 + Q
· k̂),
2

1~
n− = n(1 − Q
· k̂),
2

(2.8)

where n is the average index of refraction. The complex Kerr rotation is proportional
~ · k̂, which leads to the expression Φk = θk + i k ,
to the difference n− - n+ = -n Q
where θk is the Kerr rotation and k is the Kerr ellipticity [12].
For a classical, macroscopic, discussion of the motion of electrons, to aid in understanding the origin of the Kerr effect, consider light incident upon a medium. The
presence of the electric field from the incident light results in the motion of the electrons, with the electrons following a left circular pattern for right circularly polarized
light, and a right circular pattern for left circularly polarized light; this occurs in
the absence of an applied magnetic field, that is, no magnetization. In this case, the
radius of the electron trajectory for both circular motions is equivalent, resulting in
no difference between the dielectric constants for incident right and left circularly
polarized light and no rotation of the plane of polarization upon reflection [12]. However, when a magnetization is introduced, a Lorentz force acts on the electron, with
the direction of the force either away or toward the center of the circular trajectory
of the electron. This results in a difference in the radii of the right and left circularly polarized modes, which in turn, yields variant dielectric constants respectively;
therefore, a rotation upon reflection will occur [12].
Furthermore, a microscopic description of the Kerr effect, involving the coupling
of the electric-field of the incident linearly polarized light with the electron spin via
the spin-orbit interaction, ∼ (∆V~ × p~) ·~s, is needed. When an electric-field is present,
the electron will move through the medium with a momentum p~, thus resulting in
an interaction of the spin of the electron with the magnetic field seen by the electron
[25]. Therefore, the magnetic moment of the electron is coupled with its motion,
connecting the optical and magnetic properties of a ferromagnetic material.
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2.2.1

Kerr Effect Orientations

There are three Kerr effects that one may observe, each of which depend upon the
orientation of the magnetization relative to the plane of incidence and to the plane of
the magnetized sample, as shown in Fig. (2.3) [23]. In the polar effect, the magnetization is parallel to the plane of incidence but perpendicular to the sample surface. The
magnetization is parallel to both the sample surface as well as the plane of incidence
in the longitudinal effect, whereas the magnetization is parallel to the sample surface
but perpendicular to the plane of incidence in the transverse orientation.

Figure 2.3: A diagram of the three Kerr effect orientations [26].

The polar and longitudinal orientations both result in a Kerr rotation θk and Kerr
ellipticity k ; however, the transverse orientation is not measured as an angle, but
rather it results in a magnetization modulated intensity difference of the reflected
light for p polarized light incident upon the sample [9], [20]. Thus, the polar and longitudinal Kerr effects are characterized by Fresnel’s conversion reflection coefficients
rsp and rps . For the polar orientation the rotation and ellipticity are given by θks +
i sk = rsp /rss and θkp + ipk = -rps /rpp , respectively, where the superscripts s and p
denote whether the incident light was s or p polarized [27]. The longitudinal orientation results in the same expressions, except that rsp → −rsp [9]. For the transverse
orientation, the effect is given by a change of the rpp Fresnel coefficient. Of the three
orientations, the polar Kerr effect yields the largest signal, and is the only orientation
that induces a signal at normal incidence [23].
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In this work, the only the longitudinal orientation was studied. The sample studied was magnetized prior to being inserted into the path of the incident laser beam;
therefore, a rotation of the sample, in effect, changes the magnetization direction,
allowing for both magnetization directions of the longitudinal Kerr effect to be examined. This premise was implemented in this experiment through the use of a high
precision rotational stage, allowing for the magnetized sample to be rotated.

2.3

Faraday Effect

Faraday showed that linearly polarized light would undergo a rotation of the plane
of polarization upon being transmitted through a medium that has a magnetic field
applied along the direction of propagation, as Fig. (2.4) depicts. Therefore, a longitudinal magnetic field results in the medium becoming optically active [28]. In its
simplest form the rotation, φ, as expressed in Eq. (2.9), is proportional to the strength
of the magnetic field, B, and the length of the sample, l :
Z

l

B dl = V lB.

φ=V

(2.9)

0

V is called the Verdet constant, which depends upon both the properties of the
medium, the ambient temperature, and the wavelength, λ, of the incident light [13].
The sense of the angle of rotation, φ, depends on the direction of the applied magnetic
field, and by convention, V is positive when its sense is the same as the direction of
the positive current that generates the magnetic field [29]. If a cavity is implemented,
via a system of mirrors, multiple passes through the medium in question is obtained.
This effectively increases the sample length, which generates a larger rotational signal
as a result of achiral media being even under parity and odd under time-reversal.
This separates the Faraday magneto-optical effect from natural optical activity in
chiral media, that is, an optical rotation produced without an external magnetic field
applied, which arises from the low symmetry of individual molecules or from the
17

symmetry of the unit cell in a crystal [30], [31]. Chiral media are odd under parity,
but even under time-reversal; therefore, if the electromagnetic wave is reflected back
through the medium, the effect cancels as φ → −φ.

Figure 2.4: A schematic diagram of the Faraday effect [32].

Maxwell’s equations, in the absence of sources, for an electromagnetic wave in a
medium are given by (in CGS units):

~ = 0,
∇·D
~ = 0,
∇·B
~
~ 0 = 1 ∂D ,
∇×H
c ∂t
~
~ 0 = − 1 ∂B ,
∇×E
c ∂t

(2.10)

~ is the electric displacement, B
~ is the magnetic induction, H
~ 0 is the macrowhere D
~ 0 is the electric field, where the primes are included to
scopic magnetic field, and E
distinguish from the application of external electromagnetic fields. The electric displacement and the magnetic induction are related to the induced electric and magnetic moments m
~ and µ
~ induced by the electromagnetic wave through the following
relations:
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~ =E
~ 0 + 4π
D

X

Na m
~ a,

a

~ =H
~ 0 + 4π
B

X

Na µ
~ a,

(2.11)

a

with Na being the number of molecules per unit volume in state a. To first order,
the components of the complex induced moment vectors (δ, , ξ = x, y, z) are:

mδ = αδ E0 + βδ H0
µδ = γδ E0 + χδ H0 ,

(2.12)

where α and χ are the electric and magnetic polarizability tensors, respectively, and
~ [30]. Therefore, the
are complex functions of the static external magnetic field H
polarizability tensors may be written as:

(0)

(1)

αδ = αδ + αδξ Hξ + . . .
(0)

(1)

χδ = χδ + χδξ Hξ + . . . .

(2.13)

Thus, the expressions for the induced magnetic moments become:

~ 0 + β(0) H
~ 0 + α(1) (E
~ 0 × H)
~ + β(1) (H
~ 0 × H)
~
m
~ = α(0) E
~ 0 + χ(0) H
~ 0 + γ(1) (E
~ 0 × H)
~ + χ(1) (H
~ 0 × H).
~
µ
~ = γ(0) E

(2.14)

Solving Maxwell’s equations for a complex index of refraction ñ± yields:

ñ± = 1 + 2π

X
a

a
a
a
a
a
a
]Hz }. (2.15)
± iχa(1) + β(1)
− γ(1)
Na {α(0)
+ χa(0) ∓ iβ(0)
± iγ(0)
+ [±iα(1)

The complex optical rotation is given by Φ̃ = φ − iθ = ω(ñ− − ñ+ )/2c, where ω is
the frequency of the incident light upon the medium. Here, φ = ω(n− − n+ )/2c is
the Faraday rotation and θ = ω(k− − k+ )/2c is the ellipticity, nominally referred to
19

as circular magnetic dichroism [30]. Therefore, from the expression given for the ñ± ,
Φ̃ may be written in the following manner:
Φ̃ = −

2iπω X
a
a
a
Na {−β(0)
+ γ(0)
+ [α(1)
+ χa(1) ]Hz }.
c
a

(2.16)

a
and χa(1) are proportional to E 0 and H 0 , the electric and magnetic
The terms α(1)

fields of the incident light, respectively, and are responsible for magnetic optical
activity when an external magnetic field is applied. In general, the relations α(0) 
β(0) , γ(0) , χ(0) , α(1) Hz , and α(1)  β(1) , γ(1) , χ(1) hold [30]. These relations allow for
Eq. (2.15) to be approximated as:
ñ = 1 + 2π

X

a
Na α(0)
,

(2.17)

a

recovering the well known complex index of refraction, where the real and imagia
correspond to the refraction, n, and absorption, k, coefficients,
nary parts of α(0)

respectively. Furthermore, Eq. (2.16) shows that the natural optical rotation is given
by:
2iπω X
a
a
Na {β(0)
− γ(0)
}.
c
a

(2.18)

a
a
Optical activity, therefore, arises when β(0)
and γ(0)
are nonzero, resulting in circular

dichroism and optical rotation from the real and imaginary parts, respectively [30].
In the presence of an applied field, Hz , magnetic optical activity, or a Faraday
a
a
a
effect, manifests, in which α(1)
and χa(1) have roles that are analogous to β(0)
and γ(0)
.
a
a
a
If a reasonable field strength is applied, then the term α(1)
Hz ∼ β(0)
, γ(0)
; thus, the
a
dominant contributor to the Faraday effect comes from α(1)
, relating to the electric

moment of the medium [30]. Historically, it was this interaction that was considered
when predictions for the Faraday effect were made, thus ignoring the interaction of
the magnetic moment of the medium to that of the magnetic field of the incident light.
It was not until experimental data obtained for the Faraday effect of O2 showed an
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anomaly, when compared to theoretical predictions, that the magnetic field of the
incident light was included.

Figure 2.5: The Verdet constant for various materials as a function of the wavelength
λ. Longer wavelengths show a 1/λ2 dependence [33].

Early quantum mechanical considerations of visible and ultraviolet light propagating through gaseous materials predicted a Verdet constant that varies approximately
as the square of the frequency, where ν ∝ 1/λ. Generally, the Faraday effect description reflected H. Becquerel’s derived classical expression for the Verdet constant,
V = ω(n− − n+ )/(2cBl) = (eλ/2mc)dn/dλ, which shows that V is proportional to
the dispersion, dn/dλ [14]. This describes a change in the index of refraction as a
function of wavelength, where, in the long wavelength regime, as shown in Fig. (2.5),
the behavior of V scales as 1/λ2 . This behavior is understood in terms of the atomic
vector polarizability, given by:
αv =

2ωre c2 X
f k ak
,
2
2 )2
h̄
(ω
−
ω
k
k

(2.19)

where re is the classical electron radius, ω is the frequency of the incident light, and
the sum is taken over the dipole transition allowed excited states with resonance
frequencies ωk , oscillator strengths fk , and hyperfine coupling constants are given by
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~ · I,
~ in which L
~ is the angular momentum quantum number, and I~ is the
Hkhf = ak L
nuclear spin of the atom [35]. Thus, in terms of the atomic vector polarizability, the
Faraday rotation of a propagating beam of linearly polarized light in the z direction
through a medium of length l may be expressed as:
φ=−

2πωlN
αv < Iz >,
nc

(2.20)

where n is the index of refraction, N is the number density of atoms, and < Iz > is
the average nuclear spin [35]. This expression indicates that the size of the Faraday
rotation observed increases when the incident light is close to a resonance of an
electronic transition.
In general, near an atomic transition, a photon is absorbed when hc/λ = Ef - Ei
is satisfied, where Ef and Ei are the final and initial state energies, respectively. An
introduction of an external magnetic field, as in the case of the Faraday effect, the
energies of the initial and final states may have degeneracies removed, depending upon
the angular momentum of each state, resulting in an energy shift for the states, which
is the known Zeeman effect. As a result, each state has a different magnetic moment
~ where µ~s is the magnetic moment of state
that couples to the external field via -µ~s · B,
s. For visualization, consider a system where each atom contains a nondegenerate
ground state, with a Zeeman triplet forming excited state, with nuclear spin 0 and
no hyperfine structure. This corresponds to a 1 S0 −1 P1 transition of an atom, where
in an external field, the upper-state level splits with an energy shift ∆E = ±µB B for
the m = ±1 states, where µB is the Bohr magneton.
Furthermore, when light is incident upon and interacts with the medium, angular
momentum must be conserved, and the electric dipole selection rules dictate that
only the resonant transitions to higher energy occurs for ∆m = ±1. Right circularly polarized light carries angular momentum of −1, and left circularly polarized
light has angular momentum of +1. This results in each circular polarization compo-
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nent interacting with its own two-level system, indicating that each polarization will
propagate through the medium with different speeds, and hence different indices of
refraction; thus, medium becomes birefringent [34].
This description is dominated by the interaction of the medium to the electric
field of the incident light and the applied magnetic field, and these theoretical considerations yielded expressions that agreed well with experimental data, except for
the Verdet constant of O2 [29]. J. T. Hougen showed that the Verdet constant can
be expressed as the sum of two terms:
V = Ve + Vm ,

(2.21)

where Ve is the component that originates from interaction of the medium to the incident electric field and the applied magnetic field, and Vm stems from the interaction
of the medium to the magnetic field of the incident light and the external magnetic
field. The discrepancy of the O2 experimental data arises from the extra contribution
of the Vm term, which is due to the interaction of the magnetic moment to the spin
P
rotational states of the 3 , the triplet ground electronic state, a frequency independent contribution [29]. Vm , therefore, is purely a magnetic contribution that acts as
an offset, as Fig. (2.6) shows.
Many glass samples, however, such as the samples used in this work for calibration
of the triple modulation technique, are dominated by the coupling of the medium to
the electric field of the incident light and the applied external magnetic field. For
this study, measurements were made at longer wavelength, with 632 nm < λ <1550
nm, and, as will be discussed, the expected 1/λ2 dependence of V was observed.
Furthermore, the wavelengths used in this work are far off resonance for both the
glass samples used and for the polarized 3 He target, which allows for the electric
and magnetic polarizability of 3 He to be probed. These two effects may separated
through using wavelength dependence; α(1) is wavelength dependent, whereas χ(1)
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Figure 2.6: The Verdet constant of O2 as a function of the square of the frequency
ν ∝ 1/λ. The contribution of the Vm term creates an offset to the Verdet constant
[29].

is wavelength independent [7], [29]. Considering the system studied in this work, a
collection of polarized 3 He nuclei generates volume magnetization that is in addition
to the applied external magnetic field that is utilized as a quantization axis for the
nuclear spins. Therefore, a Faraday nuclear spin optical rotation is generated by the
aligning of the non-zero magnetic moments of the nuclei [35], [36]. This system should
then probe a purely magnetic Faraday rotation, namely the gyromagnetic Faraday
effect [6], [7].

Copyright c Gretchen Phelps, 2014.

24

Chapter 3 Neutron EDM and SMOKE

The surface magneto-optical Kerr effect, or SMOKE, is an effective technique that is
used to study the magnetic properties of thin films, including low dimensional magnetism and domain structures, and is a current application in the search for materials
that could be used for magneto-optic recording devices, or mass media storage [9],
[12]. The Kerr effect is proportional to the magnetization of the sample surface.
Therefore, if the magnetization changes over time, then the Kerr signals would also
change. As a well developed technique, SMOKE was applied to the investigation of a
remnant super-mirror sample to determine the temporal behavior of the surface magnetization. Super-mirrors are generally used in experiments to guide and/or polarize
neutrons. The application of SMOKE to a super-mirror sample allows for an experiment to be conducted for the development of a magnetization monitoring technique;
therefore, an in situ monitoring of the magnetization for various experiments, including the neutron electric dipole moment (n-EDM) experiment at Oak Ridge National
Lab, is conceivable.

3.1

Neutrons and Magnetic Super-mirror Guides

The optical properties of cold and ultra-cold neutrons give rise to the process of
polarizing and/or guiding, whereupon they have an associated de Broglie wavelength
given by λ = 2πh̄/mv, where v is the velocity of the incident neutron. For the
scattering of slow neutrons from individual nuclei, Fermi reasoned this would result
in neutrons that propagate through matter would be refracted [37]. Thus, a critical
angle, θc , may be defined, such that neutrons are totally reflected when incident upon
a surface with this angle, satisfying the condition:
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sin θ ≤ sin θc = (VF /E)1/2 ,

(3.1)

where VF is the material dependent Fermi pseudo potential, and E = h̄2 k 2 /2m,
where k = 2π/λ, is the energy of the neutron [1], [37]. As a result, the wavelength
and material dependent critical angle may then be expressed as:
"r
#
mV
F
λ .
θc = sin−1
2
2π h̄2

(3.2)

Therefore, it was speculated that if the incident neutron has an energy E ≤ VF ,
neutrons undergo total reflection, regardless of the incident angle θ, and may be
stored in bottles; neutrons that satisfy this condition are called ultra-cold neutrons.
Since neutrons with low enough energy interact with bulk matter, a neutron index
of refraction may be imagined. Consider a slow neutron incident upon a material.
The material that the neutron interacts with acts as a potential step of height VF ,
the Fermi pseudo potential, with an expression:
VF =

2πh̄2 ρ
a,
m

(3.3)

where m represents the reduced mass of the interacting nucleus-neutron pair, ρ is the
nuclei density of the bulk material, and a is the coherent scattering length [1],[38],
[39]. At the interface of the material where a > 0, as shown in Fig. 3.1, the index of
refraction, from Snell’s law and the conservation of momentum, may be expressed as:
n=

sin θ1
k1
=
,
sin θ2
K1

(3.4)

where k1 and K1 are representative of the momentum vectors in the air and material
media, respectively. From the conservation of energy, the index of refraction reduces
to,
r
n= 1−

λ2 ρa
λ2 ρa
∼1−
.
π
2π

Therefore, the neutron’s index of refraction is given by:
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(3.5)

n=1−

V
,
2E

(3.6)

where V is the potential energy of the neutron, and E is the incident kinetic energy
of the neutron. Thus, for a > 0, VF becomes repulsive and n < 1, such that neutrons
may be trapped.

k��
K1
�
K
θ2

�k

Medium
a	
  >	
  0

θ1

k1
Figure 3.1: A schematic diagram of a slow neutron interacting with a medium, with
an incident momentum ~k and angle θ1 .

In a ferromagnetic material the index of refraction is modified to incorporate the
interaction of the neutron spin with the magnetic induction [1], [38], [39], [40]. The
magnetic interaction has a potential energy given by:
~
VM = −~µ · B,

(3.7)

where µ is the magnetic dipole moment of the neutron. Therefore, the total potential
energy experienced by the neutron is V = VF + VM . The neutron index of refraction,
with the additional term due to the magnetization of the ferromagnetic material
included becomes:
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λ2 ρ
n=1−
2π

~
m~µ · B
a−
2
2πh̄ ρ

!
⇒ n± = 1 −

λ2 ρ
(a ± b),
2π

(3.8)

where b = µBm/(2πh̄2 ρ), which may be considered as a magnetic scattering length,
has been introduced. The above expression shows that the neutron index of refraction becomes double-valued, depending upon if the neutron’s spin is parallel or
anti-parallel to the magnetization of the material. This arises from the fact that a
neutron is a spin-1/2 particle, and therefore, two quantization states exist. Neutrons
with spin parallel to the induction will be reflected from the surface, whereas neutrons with spin anti-parallel to the induction will be transmitted. Thus, magnetized
materials may be used for transportation and production of polarized neutron beams
[40].
One such material that implements the double-valued neutron index of refraction
is magnetic super-mirrors, where multilayers of magnetic and non-magnetic materials
are deposited on a glass substrate. These multilayers have varying thicknesses, d, and
indices of refraction n. This allows for reflections from multiple interfaces, resulting
in the extension of the range of neutron reflection from smooth surfaces to beyond
the regime of total external reflection; that is, the critical angle corresponding to
total external reflection may be exceeded, as Bragg reflection occurs for appropriate
momentum transfer values [41].
Magnetic super-mirrors are characterized by their reflectivity properties and a
quantity called the m-value, which is defined as:
m=

c
θmirror
,
c
θN
i

(3.9)

c
c
where, θmirror
is the critical angle for the mirror sample, and θN
i is the critical angle for

natural Nickel, which has a value of ∼17 mrad/nm [41]. Furthermore, the momentum
transfer normal to the mirror surface, Qz is given by the following expression for an
angle of incidence, θ1 :
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Qz =

4π
sin θ1 .
λ

(3.10)

i
= 0.217 nm−1
The critical momentum transfer for natural Nickel has a value of Qc,N
z

[41]. The m-value, therefore, defines the range of the super-mirror regime in multiples
c
of θN
i . Fig. (3.2) shows a theoretical plot for neutron reflection from a super-mirror

surface.

Figure 3.2: A theoretical plot of the reflectivity of neutrons off of a super-mirror
surface [41].

3.2

Experimental Set-up

The set-up for SMOKE is shown in Fig. (3.3). A 6312 New Focus tunable diode
laser acts as the light source with the emerging beam being s-polarized. Tuned
for λ∼772 nm, a beam expander, consisting of two lenses, generates a beam size
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of ∼4.5 mm × 2 mm upon the sample, as determined utilizing a CCD camera to
measure the spot size on the sample. Prior to the sample, the light goes through the
polarization state generator, comprised of a Glan Thompson prism (GTP), with the
transmission axis oriented such that s polarized light is incident upon the sample;
however, the transmission axis angle is slightly offset so that a small amount of p
polarized light is transmitted for Au sample calibration purposes. Once reflected,
the light travels through the polarization state analyzer, containing a photoelastic
modulator (PEM) at a resonance frequency of 50 kHz, and a second GTP linear
polarizer with transmission axis at angle α with respect to the PEM optical axis.
Finally the light is incident upon a HINDS DET100 photodiode detector. The signal
is decomposed into three components: one at the frequency of them PEM (1f), one
at twice the frequency of the PEM (2f), and a DC signal. Lock-in amplifiers models
EG&G1 7260 and 7265 are used to read the 1f and 2f voltages respectively, while the
DC signal is recorded by HP 34051A 6.5 digit digital multimeter. These three voltage
components will be described in more detail in Section 3.2.3.
3.2.1

Photoelastic Modulator

PEMs utilize photoelasticity in order to modulate the light incident upon its fused
silica bar2 . The normally isotropic optical element vibrates with a natural resonant
frequency around 50 kHz when a voltage is applied to the driving element. A quartz
transducer attached to one end of the bar sustains the vibrational motion of the
optical head. The polarization of the beam of light is modulated through the use
of the PEM. A voltage is applied to the driving element of the PEM, resulting in
resonant oscillation of an otherwise normally, isotropic optical element. This resonant
frequency depends upon the physical properties of the optical element, as well as the
speed of sound in the material [42].
1
2

Newer models are Signal Recovery lock-in amplifiers.
Fused silica in this work, the most prevalent based upon availability.
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Figure 3.3: Schematic diagram of the SMOKE set-up. Linearly polarized light is
reflected off of the sample and incident upon PEM, analyzer, and photodiode detector.
The voltage signals from the two lock-in amplifiers and digital multimeter are then
collected via computer using a LABView program.

Most set-ups incorporate a linear polarizer with transmission axis oriented at
±45◦ with respect to the major oscillating direction of the PEM. The emerging light
from the PEM is dynamically polarized, as shown in Fig. (3.4). Depending upon the
instantaneous strain of the optical element, a change in the index of refraction for the
polarization components perpendicular or parallel to the axis of PEM occurs, resulting
in the two polarization components propagating at different velocities; hence, the light
cycles through all states of polarization [42]. One defines the retardation, δP EM , the
time dependent phase difference between these two components, as:
δP EM (λ, t) =

2πd
P (λ) sin ωt,
λ

(3.11)

where d is the thickness of the fused silica bar, λ is the wavelength of the incident
light, P (λ) is proportional to the peak strain amplitude, and ω is the modulation
frequency of the PEM [42], [44]. For harmonic strain, Eq. (3.11) may be further
reduced to:
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Figure 3.4: A schematic diagram of the PEM optical head and the dynamic polarization of the light emerging from the PEM-polarizer pair. When the optical element is
unstrained, the light is linearly polarized, with orientation resulting from the transmission axis of the polarizer. At other points, depending on the instantaneous strain
of the optical element, the light is circular, elliptical, or linear [42], [43].

δP EM (λ, t) = A sin[ωt + β1 ] + δ0 (λ).

(3.12)

In the above equation, β1 is the relative phase for the first harmonic, typically taken
to be zero. A, proportional to the magnitude of modulation, is nominally referred to
as the Bessel angle of the PEM, and will be discussed further. δ0 is a small corrective
term called the static retardation, an inherent property of the PEM that arises from
the residual static strain of the optical element, and is inversely proportional to λ
[42].
Interpreting data collected in the study of magneto-optical effects that incorporate
the use of a PEM require that the modulation signal of the PEM be expanded in terms
of Bessel functions, as a result of the Mueller matrix containing the terms:

cos δP EM = cos[A sin ωt + δ0 ] = cos[A sin ωt] cos δ0 − sin[A sin ωt] sin δ0
sin δP EM = sin[A sin ωt + δ0 ] = sin[A sin ωt] cos δ0 + cos[A sin ωt] sin δ0 .
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(3.13)

Recalling that δ0 is small, the above equations further reduce using the small angle
approximation, yielding:

cos δP EM = cos[A sin ωt] − δ0 sin[A sin ωt]
sin δP EM = sin[A sin ωt] + δ0 cos[A sin ωt].

(3.14)

Furthermore, one may expand the previous expression using an infinite series of integer Bessel functions, namely [44]:

cos[A sin ωt] = J0 (A) + 2

∞
X

J2j (A) cos[2jωt]

j=1

sin[A sin ωt] = 2

∞
X
j=1

J2j−1 (A) sin[(2j − 1)ωt].

(3.15)

The quanity A, the Bessel angle, is typically set at 2.405 radians, such that J0 (A) = 0,
J1 (A) = 0.519, J2 (A) = 0.432, J3 (A) = 0.199, and J4 (A) = 0.065. Therefore, the
first and second harmonics dominate the above expansion. Substituting the above
results of Eqs. (3.15) and (3.14) into Eq. (3.13) yield:

cos δP EM = 2J2 (A) cos 2ωt − 2δ0 J1 (A) sin ωt
sin δP EM = 2J1 (A) sin ωt + 2δ0 J2 (A) cos 2ωt.

(3.16)

The above expression will be used when extracting the ellipticity and rotation in
the SMOKE experiment. Later it will be shown that the ellipticity and rotation are
proportional to the first and second harmonics respectively.

3.2.2

The Magnetized Super-Mirror Sample and Sample Holder

The super-mirror sample used in this experiment was FeCoV/TiN. This coating was
prepared at Swiss Neutronics using a DC magnetron sputtering technique, a process that results in layers with smooth surfaces for high neutron reflectivity [41].
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Therefore, these neutron super-mirrors are used to guide and/or polarize neutrons
for experimental purposes. As shown in Fig. (3.6), there exists an anisotropy of the
super-mirror sample, namely there is a magnetically easy axis and a magnetically
hard axis. Experimental results from Dr. De Long’s group at the University of Kentucky determined that the easy axis was directed along the 2-4 axis, labeled as shown
in Fig. (3.5). This magnetic anisotropy was expected, as shown in Fig. (3.6), where
the easy axis obtains a higher magnetic saturation level than the hard axis.

1
2

4
3

Figure 3.5: The super-mirror sample utilized in the SMOKE study, cut from the original size into smaller samples to fit into rotational sample holder stage. Displayed on
the sample are the 1-3 and 2-4 axes labeled to ensure the samples were all magnetized
in the same direction.
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Figure 3.6: A plot of the magnetization hysteresis of an FeCoV/TiN super-mirror
[45].
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Further studies from Dr. Strachan’s group, also located at the University of Kentucky, implemented atomic force microscopy, or AFM, to scan one of the super-mirror
samples. The results, including a line scan, are shown in Fig. (3.7). Two AFM scans
were conducted: one encompassed an area of 24 µm × 24 µm, and another included
an area of 5 µm × 5 µm, where a line scan was performed as depicted in Fig. (3.7).
The AFM scan results show that the super-mirror surface is very smooth, therefore,
the Kerr effect may be implemented as a study of the magnetization given such a
smooth surface [20].
Typical SMOKE experiments implement an in-situ magnetic field around the
sample of interest, changing the magnetic field direction to map out a hysteresis loop.
However, in order to recreate similar conditions to be seen in a neutron polarizer, low
field conditions were used to study the magnetic properties of the magnetic supermirror. The samples used in the SMOKE study were ∼0.500 × 0.500 , cut from a larger
sample of 300 × 1200 . To assure that the sample was magnetized along same axis
each time, the sides of the larger sample were numbered, as shown in Fig. (3.5);
the cut pieces were then labeled in the same manner. To generate a magnetized
super-mirror sample, the super-mirror sample was placed in the center of a solenoid
for magnetization, and magnetized along the 2-4 axis. The solenoid, with length of
17.7 cm, diameter of 3.8 cm, and ∼1300 windings, was used to generate ∼270 G, a
field above the saturation level depicted in Fig. (3.6), from a current of 2.5 A. A 425
Lakeshore Gaussmeter axial probe was used to map the magnetic field. The plots in
Fig. (3.8) show that the field is uniform over the size of the super-mirror sample.
Upon magnetizing the sample, the super-mirror is placed into a URS100B high
precision rotation stage by Newport, with an angular resolution of 0.001◦ . This
allows one to probe both magnetization directions of the longitudinal Kerr effect
orientations. Therefore, a rotation by 180◦ , in effect, reverses the magnetic field as
performed in typical SMOKE set-ups to map out a hysteresis loop.
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(a)

(b)

(c)

Figure 3.7: A graphical representation of the results obtained from a AFM scans. A
scan of an area of 24 µm × 24 µm is shown in (a), and an area of 5 µm × 5 µm
is shown in (b), where both area scans have a nm scale for the surface deposition
thickness. A line scan was performed on the area shown in (b), with the results
shown in (c). The plots display a very smooth surface for the super-mirror sample,
and were generated by [46].

3.2.3

Signal Analysis and Procedure

Utilizing the Jones matrix formalism, one can trace the state of polarization of the
light throughout each optical component in the set-up, shown in Fig. (3.3), where
the angles used in this discussion are with respect to the plane of incidence. The
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Axial Magnetic Field of Solenoid vs. Distance

Left/Right Magnetic Field of Solenoid vs. Distance
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Figure 3.8: Field map of solenoid. Figure (a) shows the axial field, where the distance
is w.r.t end of solenoid tube housing. The radial field is shown in Figure (b), where
distance is w.r.t the center of solenoid.

polarizer, the first GTP, oriented such that s polarized light is incident upon the
sample, has a Jones matrix given by:




 0 0 
P =
.
0 1

(3.17)

Upon transmission through the first GTP, the light is then reflected off of the sample,
which may be described in matrix form as:


0
0
 rp rps 
S=
.
0
0
rsp rs
0

(3.18)

0

The terms rp = rp eiδp and rs = rp eiδs along the diagonal are independent of the
magnetization of the sample, and are the usual Fresnel reflection coefficients. The
magnetization is taken into account in the symmetric off-diagonal terms. Therefore
0

0

one may write rps = −rsp = rps eiδps = −rps e−iδsp , where δi represents the phase
angles.
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Figure 3.9: High precision rotation stage by Newport with angular resolution of
0.001◦ used to manually change the direction of the magnetization of the super-mirror
sample.

Next, the PEM, with axes oriented at 0◦ and 90◦ , may be represented by the
following Jones matrix, where δP EM is the periodic strain the modulator generates:


δ
i P EM
0

 e 2
(3.19)
M =
.
δP EM
−i 2
0
e

The matrix for the analyzer with transmission axis oriented at an angle α is given
by:



2


A=

cos α

sin α cos α 
.
sin α cos α
sin2 α

(3.20)

The matrix multiplication of all of the optical components yields a vector representation of the electric field vector at the detector, which may be expressed in terms
of the electric field vectors parallel and perpendicular to the plane of incidence as:
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(3.21)

Upon substitution into Eq. (3.21), the electric field vector of the reflected light is
expressed by:
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0
0
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×
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0
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 0 0  0 
   . (3.22)

0 1
1

The intensity at the detector is then given by the square of the reflected electric
field vector. Recalling that J0 (A) = 0, this expression becomes:

2
I ∝ rs2 sin2 α + rps
cos2 α + 4J1 (A)rs rps sin ωt sin(δs − δps ) sin α cos α

+ 4J2 (A)rs rps cos 2ωt cos(δs − δps ) sin α cos α, (3.23)

where the first two terms represent the DC signal, the third term is the 1f signal,
and the last term in the 2f signal. During the experiment, the analyzer is rotated
through 360◦ in incremented steps. At each analyzer angle α, the three collected
voltage components, that is, DC, 1f, and 2f, are summed, whereupon a plot of the
Intensity vs. analyzer angle is generated using ROOT, where the above expression is
fit with rs , rps , and δs − δps being fit parameters. From the obtained fit parameters,
the Kerr ellipticity k and θk may be extracted using the following relations:
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1
k = − rs rps sin(δs − δps )
2
1
θk = rs rps cos(δs − δps ).
2

3.3

(3.24)
(3.25)

Systematic Studies

Care has to be taken when rotating the sample to probe different magnetization
directions; if the plane of rotation is not perpendicular to the plane of incidence, the
reflected beam can traverse across the optics and detector, which can yield different
results. To minimize this effect, an alignment system was used that involved a red
HeNe laser, and a CCD camera. The CCD camera allowed for one to observe the
movement of the reflected beam across the room, and quantify this movement via
the graphical user interface. Each unit measured on screen corresponded to ∼0.05
mm. The sample holder contained a kinematic mount for adjustment, such that the
movement observed was minimized during a 180◦ rotation. A determination of the
movement the reflected beam undergone across the room results in an estimation of
the movement across the detector. The alignment of the sample was checked prior
to data collection in each run, with less than ±0.015 mm movement at the detector.
Furthermore, mechanical effects due to rotating the sample holder was considered
as well. To minimize any vibrational effects, the sample holder underwent a slow
rotational velocity.
Another area of concentration is where the light is incident upon the sample, as
well as maintaining a consistent incident beam size. To assure that the incident beam
was hitting the same place on the sample, a second CCD camera was used to measure
the positioning of the laser beam. The sample cover had a small slit that allowed
a piece of paper to slide just over the sample, making the incident beam viewable
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on the CCD camera user interface. Adjustment of the beam, via the lenses in the
beam expander, were adjusted to move the incident beam into the correct position.
This set-up also served as a check for retaining an expanded beam size to roughly
∼4.5 mm × 2.3 mm, a size that allows for a larger area of the sample to be probed,
without cutting any of the reflected beam while propagating through the remainder
of the optical components. A larger beam size on the super-mirror sample allows
for a larger area to be studied. Since typical domain sizes are of a few µm, a larger
incident beam probes more domains [20], [47], [48]. Therefore, a sense of a more
global magnetization of the super-mirror sample is observed.
As stated previously, the effects being studied are wavelength dependent. The
tunable diode laser was monitored with a Burleigh WA-1500 wavemeter, thus ensuring
that the wavelength was ∼772 nm throughout the experiment. Additionally, the
laser power was also monitored to assure minimal effects due to fluctuations. Thus,
the systematic effects are minimized, such that statistical errors are the dominate
contribution to the experimental errors.

3.4

Calibration Method with Au Sample

As previously stated, polarized light reflected off of a metal surface becomes elliptically polarized, unless the incident light is s or p-polarized. The reflecting surface,
which is a plane of symmetry, then results in the light still being s or p-polarized
upon reflection [49]. Reflection from a non-magnetic metallic surface can then be
utilized as a calibration sample to test the sensitivity for measuring a zero rotation
and non-zero ellipticity. At a wavelength of 632 nm, Au provides good reflectivity at
thickness depositions of 60 nm and greater, where the reflectivity is constant [50]. A
60 nm thick Au coated mirror, prepared using an evaporation technique by Dr. Brill’s
and Dr. Ng’s groups at the University of Kentucky, was used to test the procedure.

41

Estimations from Fresnel coefficients for reflected light, with a 45◦ angle of incidence
from a Au surface show that the ellipticity should be on the order of 20 mrad, while
the rotation should be zero. Furthermore, since there is no magnetization imparted
to the Au surface, a rotation of the sample to any orientation should yield the same
results.
Following the procedure outlined above, the Au sample was placed in the high
precision rotational stage, and data was collected at 4 different orientations, corresponding to 0◦ , 90◦ , 180◦ , and 270◦ . Figs. (3.10) and (3.11) display the average
ellipticity and average rotation, respectively, extracted for the Au sample from the fit
of the Intensity vs Analyzer Angle plot. Table (3.1) shows the average of the ellipticity and rotation for each orientation. The ellipticity obtained for all orientations
are on the order expected with the previously stated estimation, and the extraction
of the k ’s for the various orientations are the same as conjectured. Furthermore, the
rotation is expected to be 0 mrad; the data reflects a small value for the rotation,
indicating a small systematic offset. The differences between k and θk for 0◦ -180◦
and 90◦ -270◦ are displayed in Table (3.2), and are near zero as expected.
60 nm Au: ∈k vs Orientation Angle
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Figure 3.10: Average extracted k vs Orientation Angle for 60 nm Au sample.

42

60 nm Au: θk vs Orientation Angle
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Figure 3.11: Average extracted θk vs Orientation Angle for 60 nm Au sample.
(mrad)
k
θk

0◦
25.10 ± 0.07
-2.0 ± 0.6

180◦
25.3 ± 0.1
-2.1 ± 0.5

90◦
25.1 ± 0.1
-1.7 ± 0.5

270◦
24.0 ± 0.9
-1.5 ± 0.8

Table 3.1: Extracted ellipticity and rotation (in mrad) for 60 nm Au sample.
(mrad)
∆k
∆θk

0◦ -180◦
-0.2 ± 0.1
-0.1 ± 0.7

90◦ -270◦
1.1 ± 0.9
-0.2 ± 0.9

Table 3.2: Exctracted ellipticity and rotation (in mrad) for 60 nm Au sample.

3.5

Magnetic Super-Mirror Results

An array FeCoV/TiN super-mirror samples were magnetized and tested at the orientations of 0◦ and 180◦ , corresponding to the sample magnetization being along the
2-4 axis point right and along the 2-4 axis to the left, respectively, when looking from
source to sample, as shown in Fig. (3.12).
SMOKE was utilized to monitor the temporal behavior of the magnetization of
this material, through measuring k and θk , which, as stated previously, are proportional to the magnetization of the sample surface [51]. The same procedure employed

43

0˚

180˚

Figure 3.12: A schematic diagram of the 0◦ and 180◦ orientations probed for the
longitudinal Kerr effect. These directions are defined as looking from the source
toward the sample.

with the Au calibration sample was implemented, and Fig. (3.13) displays a typical
voltage intensity observed at the detector for varying α.
Voltage (mV) vs Analyzer Angle
χ 2 / ndf
Prob
Normalization 1
rs
phase
r ps
δs- δps

500
450

39 / 32
0.1841
489.1± 0.2851
0.9677 ± 0.0002836
0.02268 ± 0.005476
0.04605 ± 0.002648
-1.32 ± 0.1461
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Figure 3.13: A plot of the intensity for one run of the magnetized super-mirror sample
at 0◦ orientation.

The first sample tested, named Sample 3, was previously magnetized on 12/2/10,
and data was collected ∼6.5 months later at sample orientation of 0◦ . Fig. (3.14)
shows k and θk as a function of time, which yielded ¯k = (26.1 ± 0.5) mrad and
θ¯k = (0 ± 3) mrad.
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Figure 3.14: Extracted k and θk vs time for super-mirror Sample 3 at 0◦ orientation
for data sets. The plot shows the average obtained from each run.

The next sample tested, named Sample 4, was magnetized on 6/24/11. Data
was collected for both the 0◦ and 180◦ orientations. For the 0◦ orientation, there
appears to be a slight decrease in the ellipticity and rotation central values; however,
after Time ∼12 days, the sample and reflected beam path were moved closer to
the source, resulting in a slight change in the beam-size incident upon the sample,
with an approximate increase in area of ∼20%. After this change, the extracted
ellipticity values decreased, whereas the rotation data still agreed within uncertainties.
Nevertheless, over the period of 3 weeks, the values are fairly constant, with an overall
weighted average of ¯k = (27.12 ± 0.06) mrad and θ¯k = (4.2 ± 0.2) mrad.
The initial measurements for the 180◦ orientation do not show any signs of decrease
in the central value, but data was not collected until ∼3 days after magnetization.
Again, a change in the ellipticity data is seen after day 12, whereupon no change was
detected in the rotation data. Overall, however, the values are fairly stable over the 3
week period, with a weighted average value of ¯k = 25.6±0.2 mrad and θ¯k = (4.3±0.6)
mrad, reflecting a difference of k0−180 = (1.5 ± 0.2) mrad and θk0−180 = (−0.1 ± 0.6)
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Figure 3.15: Extracted k and θk vs time for super-mirror Sample 4 at 0◦ and 180◦
orientations for various data sets. The plot shows the average obtained from each
run.

mrad in Sample 4.
In comparing the values obtained from Sample 3 and Sample 4, both k and θk are
smaller in Sample 3 than in Sample 4. The differing values in θk are most interesting,
where Sample 3 displays a value consistent with 0 mrad, while Sample 4 clearly has
a non-zero effect. Since the Kerr effects are indicative of the magnetization of the
surface, Sample 3 appears to have a smaller magnetization than Sample 4. Therefore,
over the time scale of at least 6.5 months, one should expect to see a decay in the
surface magnetization.
Sample 5 was magnetized on 7/18/11, and data was collected at both 0◦ and
180◦ for a period of ∼35 days, where the time averaged ellipticities and rotations
¯ = (22.0 ± 0.1) mrad, θ¯0 = (5.1 ± 0.3)
extracted were ¯0k = (21.8 ± 0.1) mrad, 180
k
k
¯ = (4.7 ± 0.3) mrad. The data shown in Fig. (3.16) reflect a stabilized
mrad, and θk180
pattern over this timescale, and generate equivalent values of ¯k for both orientations.
The stability of the rotation signal over this timescale is similar in behavior to that
of Sample 4. However, the values of the extracted ellipticity and rotation between
Samples 4 and 5 differ. Sample 5 shows a lower ellipticity value, but larger rotation
value. Still, as compared to Sample 3, the rotation is nonzero in Sample 5, whereas
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Sample 3 showed a rotation consistent with 0 mrad, potentially indicative of a decay
in magnetization.
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Figure 3.16: Extracted k and θk vs time for super-mirror Sample 5 at 0◦ , and 180◦
orientations for various data sets. The plots show the average obtained from each
run.

Sample 6 had data collected prior to magnetization, and was then magnetized
on 12/16/11. For this sample, only the 0◦ orientation was studied. Fig. (3.17 )displays the data collected before and after magnetization, where the extracted values
are plotted versus trial number in the unmagnetized state, and versus time for the
magnetized state. The average values for the ellipticity and rotation measured for the
unmagnetized state yields ¯k = (19.8±0.3) mrad and θ¯k = (9.5±0.4) mrad. Comparing this to the magnetized state, which includes a weighted average of ¯k = (21.5±0.2)
mrad and θ¯k = (9.8 ± 0.2) mrad, the ellipticity of the magnetized sample is larger,
but the rotation is approximately the same in both cases.

3.6

Results Comparison and Conclusions

Table (3.3) gives an overview of the data collected for 0◦ and 180◦ for various samples.
The Au sample was utilized to see how well our set-up would be able to measure a
zero rotation. These results in rotation for the Au sample show that there is a small
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Figure 3.17: Extracted k and θk vs time for super-mirror Sample 6 at 0◦ for unmagnetized and magnetized data sets. Magnetized data plot shows the average obtained
from each run.

non-zero offset; however, in comparing the rotation values between the samples, there
is a noticeable difference in the magnetized samples and the Au sample, except in
the case of Sample 3. The null result for θk of Sample 3 may be indicative of a decay
in the magnetization of the surface. Furthermore, the k ’s of the magnetized samples
differ, except in the comparison of Samples 5 and 6. The rotation values do not agree
between any of the samples; however, there is a clear distinction between Sample 3
and the other magnetized samples. Therefore, over the timescale of a month, there
is no apparent magnetization decay for the super-mirror samples, but a decay should
be seen within 6.5 months, as reflected by the data collected from Sample 3.
(mrad)
0
180
θ0
θ180

Sample 3
26.1 ± 0.5
0±3
-

Sample 4
27.12 ± 0.06
25.6 ± 0.2
4.2 ± 0.2
4.3 ± 0.6

Sample 5
21.8 ± 0.1
22.0 ± 0.1
5.1 ± 0.3
4.7 ± 0.3

Sample 6
21.5 ± 0.2
9.8 ± 0.2
-

Au Sample
25.10 ± 0.07
25.3 ± 0.1
-2.0 ± 0.6
-2.1 ± 0.5

Table 3.3: Calculated ellipticity and rotation (in mrad) for various samples, comparing 0◦ and 180◦ orientations.

Furthermore, the differences in the overall value of the ellipticities and rotations
between the magnetized samples, may be attributed to differences in the magnetiza48

tion of the samples, as the effects are related to the surface magnetization. A large
super-mirror was cut into smaller sample sizes for this study, and each sample came
from slightly different sections, such that the domains may differ between sections.

3.7

Improvements and Future Outlook

The use of SMOKE as a magnetization monitoring system is a conceivable implementation, as the effects observed scale with the sample magnetization. In an experiment
such as the n-EDM, the super-mirror sample would not be rotated, thus eliminating
the systematic effect of the alignment of the sample. Measuring the ellipticity and
rotation at a specific spot could be used an indication of magnetization decay. However, if there is a vast variation of the domains for different sections, variant results
may be obtain, thus obscuring the detail of temporal behavior of the magnetization.
More tests should be implemented prior to the inclusion of a SMOKE set-up for
magnetization monitoring.
An area of improvement would be the achievement of better statistical errors,
which could better differentiate between an un-magnetized state to a magnetized
configuration, such as the results obtained from Sample 6. One possibility for modifying the existing set-up, is the implementation of an optical chopper. This would
allow a third lock-in amplifier to be used to measure the DC signal at the reference
frequency of the chopper, thus resulting in a double modulation technique when used
in tandem with a PEM. The advantage of this method is to eliminate DC drift,
therefore obtaining a better signal to noise ratio.
In addition to utilizing a double modulation technique, one could leave the analyzer transmission axis at 45◦ instead of rotating the analyzer through 360◦ with
incremental steps. From Eqn. (3.23), the 1f and 2f signals are a maximum when α =
45◦ , and the resulting expressions for the ellipticity and rotation are:
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1
V1f
,
4J1 (A) VDC
1
V2f
θk =
,
4J2 (A) VDC

k = −

(3.26)
(3.27)

which shows that the ellipticity and rotation may be obtained via AC/DC ratios. A
more detailed derivation is given in Chapter 4, utilizing the Stokes vector formalism
for magneto-optical effects. Keeping the analyzer at 45◦ also allows for faster data
collection, taking numerous voltage values, and hence ellipticity and rotation values,
quickly. The rotation of the analyzer through 360◦ resulted in one extraction of k and
θk every few minutes, based on the time taken to complete one rotation cycle. The
set-up for a stationary analyzer angle setting allows for an Allan Deviation study to
be implemented, such that an optimum number of data points to be averaged for one
trial is determined, thus yielding smaller statistical errors. A long-term examination
of the Kerr effect for one magnetization direction of the longitudinal orientation could
be performed. However, since the rotation of the sample may be tuned to produce
minimal movement at the detector, it is conceivable to automate the data collection
process to alternate between the 0◦ and 180◦ magnetization orientations. This process
would allow for a better observation of any fast magnetization decay that the supermirror sample may undergo.

Copyright c Gretchen Phelps, 2014.
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Chapter 4 Faraday Effect of Polarized 3 He

Polarized 3 He has emerged as a neutron spin filter, and as an alternative for a polarized neutron target for numerous experiments, as free neutrons beta decay into
a proton, an electron, and an electron anti-neutrino, with a half-life of 880.0 ± 0.9
s [4]. The nucleus of 3 He contains two protons and one neutron. The symmetric
S state wavefunction, where the two protons’ spin cancel, dominates the S and Dstates’ contribution to the ground state configuration, as displayed in Fig. (4.1) [52].
Therefore, the 3 He nucleus effectively behaves as a neutron, an appealing feature for
experiments, such as those performed at Jefferson Lab (JLab) or HIγS, that require
a neutron target for the study of the spin structure functions of the neutron. Currently, nuclear magnetic resonance and electron paramagnetic resonance methods are
utilized to measure the polarization of the 3 He target. The proposed experiment of
studying the Faraday effect of polarized 3 He and extracting a Verdet constant, would
provide a new technique in measuring the polarization. Additionally, measuring, for
the first time, the Verdet constant of GE-180 glass, the material for which the 3 He
cells at JLab are constructed, establishes a new method for determining the wall
thickness of these cells.

Figure 4.1: The ground state configuration probabilities of neutron and proton spins
for 3 He.
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4.1

Polarized 3 He Target

Consider an external magnetic field applied to a volume that contains a number N of
3

He nuclei. Let N + and N − denote the number of nuclei with spins aligned parallel

and anti-parallel to the applied field, respectively. The vector polarization is then
defined as:
P =

N+ − N−
.
N

(4.1)

To obtain polarized 3 He nuclei, the process of spin-exchange optical pumping
(SEOP) is used. SEOP implements alkali atoms that become spin polarized when
circularly polarized light is incident upon the system. The polarization of the alkali
atom is then transferred to the nucleus of the 3 He via a hyperfine interaction. The
set-up for studying the Faraday effect of polarized 3 He employs a hybrid cell that
contains a mixture of two alkali atoms, namely rubidium (Rb) and potassium (K),
and a small amount nitrogen gas (N2 ). The amount of N2 contained in Dale, the 3 He
target cell presented in this work, is very small, with a fill density 0.047 amg [53].
Furthermore, the inclusion of a larger number density of K than Rb has been shown
to improve the efficiency of the polarization transfer to 3 He nuclei [54], [55]. At the
optimum alkali density ratio, D = [K]/[Rb], hybrid SEOP requires less laser power
to maintain the entire alkali vapor polarized throughout the pumping chamber, than
traditional, single-alkali SEOP [56]. Studies have shown that as a function of D,
minute variations in the maximum achievable alkali polarization is obtained for 4 <
D < 10 [57]. Dale, the target cell used in this experiment, contains an alkali density
ratio D = 24.6 [53].
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4.1.1

Optical Pumping

This process occurs in three steps, as outlined in Fig. (4.2). First the Rb atoms
are polarized via circularly polarized laser light tuned to the D1 transition of the Rb
atoms at λ = 794.8 nm, which excites the valence electron in the 5S 1/2 shell to the
5P 1/2 state [58]. Then through collisional spin-exchange, the polarization of the Rb
atoms is transferred to the K atoms. The transfer of polarization to the 3 He nuclei
is completed through the hyperfine interaction between 3 He nuclei and polarized Rb
or K electrons.

795 nm

Figure 4.2: Schematic of the optical pumping of Rb (left) and the transfer of polarization to 3 He through the collisional spin-exchange process (right) [59].

Angular momentum selection rules regulate this process. In the presence of a
magnetic field, the energy levels of the Rb atom are denoted by N 2S+1 LJ , ignoring
the effects of the nuclear spin. In this notation, S represents the spin of the electron,
N is the electron shell, L is the orbital angular momentum, and J = L+S is the total
angular momentum. In the ground state configuration, the valence electron of the
Rb atom is in the 5S 1/2 . Right circularly polarized light with λ = 794.8 nm carries
angular momentum of −1, resulting in transitions to the 5P 1/2 state, where mJ =
53

+1/2. The decay of the excited electrons occur with equal probability to both mJ
= −1/2 and mJ = +1/2 state of the 5S 1/2 level, due to both excited states being
populated via collisional mixing; however, excitation only occurs from the mJ = −1/2
state, resulting in the population of the mJ = +1/2 state. Through the de-excitation
process of the electrons to the ground state, photons are emitted with an array of
polarization states. This acts as a relaxation process in that de-polarization of the
alkali atom occurs, thus hindering the polarization of the 3 He nuclei. To counteract
this, a small amount of N2 is implemented in the hybrid cell, which acts as a buffer gas
to quench the photons emitted by allowing a non-radiative decay mechanism through
the absorption of photons into the vibrational and rotational degrees of freedom [54].

4.1.2

Spin-Exchange and Polarization of 3 He

Polarized Rb atoms may transfer polarization to either the K atoms or the nobel gas
nuclei of 3 He. However, as a result of the large collisional cross-section between Rb
and K, ∼200 Å2 , the spin-exchange between these two alkali atoms occurs quickly,
with the exchange rate exceeding 105 /s for typical densities of 1014 cm−3 or more,
far surpassing the typical 500/s alkali spin-relaxation rate [55]. This enhances the
efficiency in which 3 He is polarized1 , as opposed to only incorporating one alkali
species, such as Rb, acting as the polarization agent. Pure Rb pumping requires
roughly 50 photons to polarize a single 3 He nucleus, whereas only 4 photons are
required for hybrid pumping; therefore, the collisional spin-exchanges between K and
3

He atoms transfer the angular momentum to 3 He more quickly than the collisions

between Rb and 3 He atoms [55], [60].
The efficiencies of the spin-exchange process are given by ηγ and ηSE , the photon
and spin-exchange efficiencies, respectively. The photon efficiency is given by the
3

3

Rb− He
K− He
The spin-exchange coefficients kSE
and kSE
are comparable, being 6.1×10−20 cm3 /s
−20
3
and 6.8×10
cm /s, respectively; however, the spin-destruction rates for K are smaller, which
result in a more efficient spin-exchange [55], [57].
1
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number of 3 He nuclei that are polarized by each photon absorbed from the pumping
lasers, whereas the spin-exchange efficiency describes the ratio of the rate at which
3

He nuclei are polarized to the depolarization rate.
A description of the spin-exchange process between Rb and K may be given by:
Rb(↑) + K(↓) → Rb(↓) + K(↑),

(4.2)

such that the total spin of the interaction is conserved [54]. Binary collisional transfer
of polarization then occurs between the K atoms and 3 He nuclei, where, in general
for an alkali-noble gas pair, the spin dependent interaction may be expressed as [61]:
~ ·S
~ + A(R)I~ · S.
~
V (R) = γ(R)N

(4.3)

The inter-atomic separation is given by R, and the coupling coefficients fall to zero
quickly as R increases. The first term corresponds to the spin-rotation interaction
~ of the K-3 He system to the electronic
and couples the relative angular momentum N
~ [61]. Incorporated in the second term is the hyperfine interaction between the
spin S
~ of the alkali and the noble gas nuclear spin I.
~
electron spin S
The 3 He polarization, therefore, is dependent upon three parameters: the spinexchange rate, γSE , between the alkali and the 3 He nucleus; the average alkali polarization, PA ; and the relaxation rate, Γr , of 3 He. An expression for the rate of change
of the 3 He polarization is:
dP3 He
= γSE (PA − P3 He ) − Γr P3 He ,
dt

(4.4)

where γSE = kK [K] + kRb [Rb], with kK and kRb being the spin-exchange rate coefficients, and the alkali densities are given by [K] and [Rb] [55]. A solution to the above
expression yields the 3 He polarization:
P3 He =


γSE PA 
1 − e−t/τu ,
Γ3 He
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(4.5)

where Γ3 He = γSE + Γr , and τu = 1/Γ3 He , is the polarization spin-up time that
the describes the rate at which the 3 He polarization increases during the process of
SEOP [57]. The spin-up time describes the amount of time required for the 3 He
nuclei to reach an equilibrium polarization; therefore, τu is a measure of the spinexchange process efficiency [60]. To determine the limiting 3 He polarization, t → ∞,
which reduces Eq. (4.5) to γSE PA /Γ3 He , such that the 3 He polarization approaches
the average alkali polarization if Γr is minimized [57].
Furthermore, from the relaxation rate Γr , a spin-down time, τr = 1/Γr , may be
defined. The spin-down time represents the relaxation of the nuclear spins in the
absence of alkali vapor; this quantity is generally referred to as the lifetime of the cell
[57].

4.1.3

Relaxation Mechanisms of Polarized 3 He

Incorporated into Γr are the causes of relaxation that are not spin-exchange related.
Therefore, considering the typical sources of relaxation, the relaxation rate may be
expressed as:
Γr = Γwall + Γdip + Γ∇B
~ ,

(4.6)

where, Γwall , Γdip , and Γ∇B
represent the wall collisions or interactions, 3 He-3 He
~
magnetic dipole-dipole interaction, and gradients in the magnetic field, respectively
[57], [62].
Γwall is a measure of the quality of the cell housing the SEOP. However, the
induced relaxation from wall collisions is not well understood. The underlying assumption is that the main contribution of relaxation stems from paramagnetic impurities on the glass surface, with other contributions arising from the trapping of 3 He
atoms in microfissures on the surface of the glass or glass surface contaminates [57],
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[62]. Various studies have led the 3 He polarization community to use aluminosilicate
glasses, such as GE-180, due to lower permeabilities and overall better results [62].
Binary collisions occurring between two 3 He atoms, results in the loss of nuclear
polarization to orbital angular momentum, due to the coupling of the relative angular
momentum to the nuclear spins; however, this is a fairly weak effect [63], [64]. A
density dependent relaxation rate has been theoretically calculated, and at room
temperature, the rate may be written as [63]:
Γdip =

[3 He]
.
744 amg · hrs

(4.7)

The 3 He density, [3 He], is reported in amagats, where 1 amg = 2.69×1019 cm−3 .
Newbury et. al, [63], show that Γdip is temperature dependent, as Γdip decreases as
the temperature increases, but an expression showing the temperature dependence
is not given. Typical polarized 3 He targets operate at much higher temperatures. A
parameterization of the data presented by Newbury et. al is provided in [56], where a
factor of 1.2 should be included for a temperature of 240◦ C, resulting in the relaxation
being given by:
Γdip =

[3 He]
.
893 amg · hrs

(4.8)

Magnetic field gradients result in a relaxation mechanism, as the inhomogeneity of
the holding field is seen as a time-varying field for a 3 He nucleus in motion. Two spin
relaxation times, T1 and T2 , are defined for the longitudinal and transverse directions,
respectively. The relaxations, T1 and T2 are quantified by the expressions:
~ x |2 + |∇B
~ y |2
1
|∇B
= D3 He
,
T1
B02

(4.9)

~ 0 |2 + |∇B
~ y |2
1
|∇B
,
= D3 He
T2
Bx2

(4.10)

where D3 He = 0.244 cm2 /s, is the 3 He self-diffusion coefficient [64], [65], [66]. The
applied magnetic holding field is along the z axis, and is denoted by B0 . Components
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of the applied field that lie along the x and y axes are represented by Bx and By ,
~ x |2 and |∇B
~ y |2 , respectively.
with their spatial gradients |∇B
In the presence of relaxation times T1 and T2 , the Bloch equations describe components of the equation of motion for the magnetization, and may be described by:
~
dM
~ × B)
~ − Mx î + My ĵ − Mz − M0 k̂,
= γ(M
dt
T2
T1

(4.11)

where M0 is the steady state magnetization [59], [67].

4.1.4

The 3 He Target Cell and Oven

The target cell, named Dale, was constructed of GE-180, an aluminosilicate glass,
blown by Mike Souza at Princeton University and filled at the College of William
and Mary. The hybrid 3 He cell contains a fill density of 8.43 amg, and is divided into
three regions, as shown in Fig. (4.3). The spherical bulb is ∼6 cm in diameter, and is
called the pumping chamber, as this is where circularly polarized light is incident for
SEOP. Once polarized, 3 He atoms diffuse via the 10 cm long transfer tube into the
target chamber, of length 40 cm, where the linearly polarized light Faraday rotation
probe beam illuminates. The cell was sealed inside the oven just below the pumping
chamber with a high temperature adhesive RTV.
For SEOP, the pumping chamber must be maintained at temperature of 240◦ C so
that both the Rb and K atoms are evaporated; therefore, an oven made of torlon, a
high temperature plastic able to withstand temperates up to 260◦ C, was built. Fig.
(4.4) shows the oven used in the experiment, with dimensions of 4.500 × 4.7500 ×
6.2500 and a 0.500 wall thickness. The oven system consists of filtered, dry, pressurized
air passing through two 1 kW heaters from Hotwatt, controlled by a PID feedback
electronic control. The heaters and air inlet were wrapped in an insulating material.
To measure the temperature of the incoming air, thermocouples were inserted beneath
the insulating material on the heaters; however, only the second heater’s temperature
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Figure 4.3: The hybrid cell is divided into three regions. The uppermost region is the
pumping chamber, where circularly polarized light is incident upon for the optical
pumping of the Rb atoms. The middle region is the transfer tube, where polarized 3 He
is diffused from the pumping chamber to the bottom of the cell, the target chamber.
Linearly polarized light is incident upon the target chamber to probe the Faraday
effect of polarized 3 He.

was regularly monitored. Inside the oven, a Resistive Temperature Device, or RTD,
was attached to the bottom plate to measure the temperature. The PID device kept
the oven at a temperature of (240 ± 4)◦ C. Furthermore, an air outlet allowed for
warm air to exit the oven, where the output air was monitored with a flow meter.

4.2

Calibration of Triple Modulation Technique

Modulation techniques, such as that described in the SMOKE set-up, provide an
effective experimental environment, with the use of lock-in amplifiers to improve the
signal to noise ratio. A triple modulation technique was proposed to be utilized in the
Faraday effect of polarized 3 He to isolate the background rotations, the contributions
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Figure 4.4: The torlon oven used to maintain a temperature of 240◦ C around the
pumping chamber. Below the oven and pumping chamber, the target chamber rests
on two hangers that help to support the cell.

of which are due to air, the target chamber end windows, and N2 gas that may be
intermingled with the 3 He. First, the triple modulation technique was used on a
sample that generates a large rotation and has a known Verdet constant. SF57 flint
glass meets such criteria, and was used as the first calibration sample. In addition to
SF57 flint glass, pyrex glass, and a measurement of contribution due to air, were used
to establish the triple modulation technique as values extracted agree with previous
measurements at a wavelength of λ = 633 nm.
The data was collected at room temperature ∼300 K, and in low field conditions,
with the maximum magnetic field used of ∼61 G. Furthermore, only a single pass
through the sample was used. These conditions, in addition to utilizing a triple
modulation method, makes our set-up unique. Most Faraday rotation experiments
implement much larger fields, typically in the kilo-Gauss region or higher, and/or
use a cavity to effectively increase the sample length via multiple passes through the
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sample.

4.2.1

Set-Up and Signal Analysis

Figure (4.5) shows the schematic of the triple modulation set-up. The set-up is
similar to that discussed in the previous chapter describing the SMOKE experiment.
Light first is incident upon a GTP with transmission axis such that the emergent is
s polarized. Then the light is transmitted through a sample that is in a magnetic
field generated by a pair of Helmholtz coils, which are shown in Fig. (4.6). Upon
transmission, the light then goes through the polarization state analyzer, comprised
of a PEM and second GTP with transmission axis at 45◦ w.r.t the optical axis of
the PEM. Finally, an optical chopper is placed in front of the detector. For the
initial triple modulation calibration, all components after the Helmholtz coils were
shielded from the magnetic field using G-Iron, a magnetic shielding material with a
high magnetic saturation.
As the name suggests, three parameters are modulated in our set-up: (i) a Wavetek
81 function generator is used to drive the current supply to the Helmholtz coils,
generating sinusoidal magnetic field at a low frequency of 1 Hz or below, (ii) a HINDS
photoelastic modulator with nominal frequency at 50 kHz, is used to dynamically
polarize the light, and (iii) an optical chopper, Thorlabs MC2000, operating ∼300
Hz, is after the polarization state analyzer. Utilizing the Stokes vector formalism,
the intensity at the detector is given by the following expression:
I = I0 (1 − 4J1 (A)(t) sin(ωt) + 4J2 (A)φ(t) cos(2ωt)) ,

(4.12)

where A is the Bessel angle of the PEM as previously described. The above equation,
as discussed in Chapter 3, may be divided into 3 terms: a DC term that encompasses
the I0 , a 1f term that is related to the ellipticity, and a 2f term that gives rise to
the rotation. Three E&G 7265 lock-in amplifiers were used to detect the desired
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signal. As shown in Fig. (4.5), the DC lock-in amplifier detects the DC signal that
is at the frequency of the optical chopper. Similar to the SMOKE discussion, the
2f lock-in amplifier uses 100 kHz as the input reference frequency from the PEM;
however, in the Faraday effect study, the sinusoidally driven magnetic field results in
a time dependence of the rotation, such that there is an additional modulation at the
frequency at which the Helmholtz coils are being driven, that is still encompassed
in the 2f signal. The third lock-in amplifier is used to detect the amplitude of the
rotation due to the amplitude of the applied magnetic field. Therefore, the output of
the 2f lock-in amplifier signal is used as an input into the modulated lock-in amplifier
with a reference signal supplied by the function generator; this is the signal of interest.
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Figure 4.5: Schematic of the triple modulation set-up, which includes a linear polarizer, Helmholtz coils with a sinusoidally driven magnetic field around sample, PEM,
second linear polarizer, optical chopper, and detector. LabVIEW was used to control the magnetic field and to collect the data. The G-Iron magnetic shielding was
implemented when the large Helmholtz coils, having a diameter of 65.500 , were used.

As previously mentioned, the expression for the intensity at the detector contains
I0 , which is encompassed in the DC signal. Therefore, AC/DC ratios are required to
isolate the rotation, but care must be taken to incorporate all of the correct conversion
factors. The rear output of the 2f lock-in amplifier generates a voltage signal that is
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Figure 4.6: A picture of the Helmholtz coils, with radius ∼0.24 m, used in the initial
triple modulation set-up.

scaled as a percentage of 10 V, based upon the percentage of the front panel voltage
value to the sensitivity setting. Therefore, one may express the real signal from the
modulated lock-in amplifier in terms of the front panel display as:
real
Vmod

√ √
2 · sens LI
2 · 2 · 2 LI
Vmod =
Vmod .
=
10V /sens
5V

(4.13)

In the above expression, sens represents the sensitivity setting on the front panel of
the 2f lock-in amplifier in units of Volts. The factor of 2 is a result of the optical
chopper, which decreases the overall signal by 2. Also, the front panel voltage of lockin amplifiers display the rms value of the signal instead of the peak value. Therefore,
√
to recover the modulated rotation signal, two factors of 2 are included, since two
lock-in amplifiers are used. This was verified by measuring the output voltages on an
oscilloscope.
Furthermore, the displayed DC signal on the lock-in amplifier is affected by the
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square wave signal of the optical chopper, thus a Fourier decomposition of the signal
is needed. A square wave signal has a function, f (x), that has the form:

f (x) = 1, 0 ≤ x < π,

(4.14)

f (x) = 0, −π ≤ x < 0.
Recall, the Fourier transform of a periodic function, f (x), is given by:

f (x) =

a0
+ a1 cos x + a2 cos(2x) + ... + b1 sin x + b2 sin(2x) + ...
2

(4.15)

Therefore, the Fourier coefficients, a0 , an , and bn , are found to be:
Z
1 π
a0 =
dx = 1,
π 0
Z π
1
an =
cos(nx) dx = 0,
π 0
Z
2
1 π
sin(nx) dx =
, odd n.
bn =
π 0
nπ

(4.16)

This results in the following expression of the Fourier transform of the square wave
chopper signal:
1 2
f (x) = +
2 π



1
1
sin x + sin 3x + sin 5x + ... .
3
5

(4.17)

Thus, the displayed 300 Hz lock-in amplifier rms signal multiplies the real DC signal
by a factor of 2/π. The recovery of the peak VDC signal is accomplished via:
VDC =
Once again the additional factor of

√

√

2 LI
πVDC .
2

(4.18)

2 comes from the lock-in amplifier displaying

the rms value. Therefore, upon normalizing the DC signal to 1, the ratio of 2f/DC
becomes:
√
LI
4 2 · sens Vmod
4J2 (A)φ(t) =
,
LI
10π
VDC
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(4.19)

such that the Faraday rotation is obtained to be:
φ(t) =

√

LI
2 · sens Vmod
= V lB0 ,
LI
10πJ2 (A) VDC

(4.20)

where V is the Verdet constant, l is the effective length of the sample, and B0 is the
amplitude of the applied magnetic field.

4.2.2

Magnetic Field Mapping

B0 , the amplitude of the sinusoidal magnetic field, gives rise to the desired rotation
signal, as shown in the above expression. The amplitude of the magnetic field was
determined using a 0.01 G precision Lakeshore 475 Gaussmeter with an axial probe,
located at the center distance between the coils. Using a LabVIEW code to collect
data, the sinusoidal magnetic field was recorded, and a fit to the data in ROOT yields
the amplitude of B0 for an amplitude and offset setting on the function generator.
One particular field map is shown in Fig. (4.7).
B vs Time
χ2 / ndf
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1
B0
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Figure 4.7: A plot of B vs.Time for a function generator amplitude setting of 2.70 V
and offset of 1.60 V. B0 for this setting is 61.21 G.
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In addition to determining B0 , it was necessary to map the axial magnetic field
Rz
between the 1st GTP and the PEM, so that the total −z B dl may be calculated for
the contribution due to air. The axial probe was again used to map the DC field for
a current of ∼4.2 A through the coils. Outside of the coils data was collected in ∼100
increments along the path of the laser beam. Inside the coils, a micrometer stage was
used to move the probe to various positions. Once the field readings were collected,
the Minuit package of ROOT was used to fit the data using the following equation:
(
)
1
1
1
Bz = µ0 N IR2 p
+p
,
(4.21)
3
3
2
R2 + (z + d/2)2
R2 + (z − d/2)2
where µ0 is the permeability of free space, N is the number of turns, I is the current
through the coils, R is the radius of the coils, and d is the distance of separation
between the coils. The fit was generated through the utilization of N, I, R, and z
as fit parameters. Fig. (4.8) shows the fit to the data collected, where the fit was
Rz
then used to calculate the area under the curve, that is, the total −z B dl for the
contribution due to air. Incorporated in the data plotted was an estimate of the error
for the positions and B field. For the Bz data collected outside of the coils, an error
of 1.27 cm was used, whereas inside the coils an error of 0.5 cm was used. An error of
3 G was used for δBz , as secondary field readings sometimes differed by up to 3 G in
the mapping regions outside of the coils. These were an overestimation of the error,
and seemed to have a minimal impact on the calculation of the integral. For the
data shown in Fig. (4.8), the integral and uncertainty, calculated by the integration
package of ROOT, yielded a value of (10980 ± 30) G · cm. The plot shows that over
the distance of the thickness of the glass samples used, with thicknesses less than 1.27
cm, Bz is constant.
The prior descriptions of the map of Bz was performed with a DC current of
4.2 A. These measurements allowed one to mathematically determine the number
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Bz vs Distance From Coils
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Figure 4.8: Plot of B vs Distance along the axial component of the Helmholtz coils.
Using the Minuit package of ROOT, the fit to the data was completed, with an
integration of the found function for the distance between the 1st GTP and PEM.
The integral is estimated to be (10980 ± 30) G · cm for current of 4.2 A through the
coils.

of windings N for these coils, as well as show excellent agreement in the measured
distance of separation d and radius R measured by hand. R was estimated to be
∼(0.23 ± 0.01) m, and d was estimated to be ∼(0.34 ± 0.01) m. Thus, the extraction
of R = 0.2373 m and d = 0.3375 m agree with the previously estimated values.
However, in the triple modulation study, smaller magnetic field amplitudes were used,
as mentioned earlier. To extract the correct Bz l, one first plots Bz vs. I for a DC
current setting, and fit the data with a first order polynomial in ROOT, as shown in
Fig. (4.9). Data was obtained with the Gaussmeter and axial probe in the center of the
coils. Knowing the value of B0 used in a particular run, the amplitude of current, I0 ,
used to generate this B0 is determined from the fit of the magnetic field versus current.
Once I0 is determined, this is the value implemented in a ROOT program that plots
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B vs I
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Figure 4.9: Plot of B vs I with 1st order polynomial fit, with DC current.

Bz vs z from Eq. (4.21), where N, R, and d have the values extracted as shown in
Fig. (4.8). The integral and subsequent uncertainty are also calculated in this ROOT
program, in which the value obtained is used in calculating the contribution due to
air to subtract off as a small correction for the data collected for the glass samples,
where an estimate of the area occupied by the sample is also required. To determine
the space occupied by the samples, the integral is calculated in ROOT from z = ±
t/2, where t is the thickness of the glass sample. An overestimate of ±3%, of the
total Bz l for the samples, is used to account for misalignment of the sample, resulting
in the sample not being centered between the coils. Table (4.1) displays the B0 , I0 ,
and the resultant B0 l for the various glass samples measured with these Helmholtz
coils with a magnetic field modulation of 0.35 Hz.

4.2.3

Lasers and Optics for Triple Modulation Calibration

Three lasers were used in mapping V vs. λ for four wavelength values. All three lasers
were purchased from Thorlabs: a λ = 632 nm frequency stabilized HeNe and two
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B0 (G)
4.8429
9.159
13.4762
17.783
21.911
39.122
61.465

I0 (A) A (G·cm) ASF 57 (G·cm) Apyrex (G·cm) AN IST (G·cm)
0.1643
429 ± 1
5.3 ± 0.2
2.32 ± 0.07
1.98 ± 0.06
0.30679
800 ± 2
9.8 ± 0.3
4.3 ± 0.1
3.7 ± 0.1
0.44932 1172 ± 4
14.4 ± 0.4
6.3 ± 0.2
5.4 ± 0.2
0.59151 1543 ± 5
18.9 ± 0.6
8.4 ± 0.3
7.1 ± 0.2
0.72779 1899 ± 6
23.3 ± 0.7
10.3 ± 0.3
8.8 ± 0.3
1.296
3380 ± 10
41 ± 1
18.3 ± 0.5
15.6 ± 0.5
2.0336 5300 ± 16
65 ± 2
29 ± 0.9
24.5 ± 0.7
Rz
Table 4.1: The −z B dl, in units of (G· cm), determined for an amplitude, B0 , of
the external magnetic field for various samples, where A is the total integral. For air
corrections to glass samples, the total B0 l of air is given by A - Aglass . For air, the
uncertainty was estimated to be 0.3%, and for the glass samples an estimate of 3%
is made to account for misalignment.

external cavity Littman configuration tunable diode lasers with nominal wavelengths
λ = 770 nm and λ = 1550 nm. The wavelengths probed were 632 nm, 773 nm, 1500
nm, and 1547 nm, where a Burleigh WA-1500 wavemeter was used to measure the
wavelength. Lenses were incorporated before the 1st GTP to regulate the size of the
beam at the detector. For measurements made at λ = 632 nm and λ = 773 nm, the
photodiode detector used was HINDS DET-100, containing a 16 mm2 active area. A
HINDS DET-200 photodiode detector, with an active area of 8 mm2 , was used for
measurements at 1500 nm and 1547 nm.

4.2.4

SF57 Flint Glass

SF57 flint glass has a known Verdet constant of 2.01 × 10−5 rad/(G · cm) at 300
K and λ = 632 nm [68]. With such a large Verdet constant, SF57 should produce
a fairly large rotation signal that is easy to detect in low field conditions; as such,
SF57 flint glass was our first calibration sample to test our new triple modulation
technique. Samples of ∼1/200 × 1/200 × 1/200 were obtained from Glass Fab Inc., and
were optically polished at Dell Optics Co. Fig. (4.10) shows a picture of the SF57
sample.
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Figure 4.10: A photo of the 1/200 × 1/200 × 1/200 SF57 flint glass sample used, with
the frequency stabilized HeNe laser incident upon sample face.
The first measurement for V was at λ = 632 nm, resulting in V = (1.994 ±
0.002 ± 0.005) rad/(G · cm), which agrees with [68]. Upon investigating at longer
wavelengths, the data shows that the expected 1/λ2 dependence is apparent.
SF57: V vs. λ
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Figure 4.11: A plot of V vs. λ for SF57 flint glass with fit of 1/λ2 added.

4.2.5

Pyrex Glass

Pyrex glass has also been studied in previous experiments, with an calculation of
Vpyrex ∼ 3.64 × 10−6 rad/(G · cm) for λ = 632 nm [69]. A 4.7 mm thick sample,
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λ (nm)
632
773
1500
1547

VSF 57 (×10−5 rad/(G · cm))
1.994 ± 0.002 ± 0.005
1.13 ± 0.01 ± 0.003
0.239 ± 0.005 ± 0.0007
0.2298 ± 0.0006 ± 0.0006

Table 4.2: The measured Verdet constant of SF57 flint glass for various λ, with air
corrections applied.

as shown in Fig. (4.12), was implemented as a second calibration sample in testing
the triple modulation method. For λ = 632 nm, we found Vpyrex = (3.57 ± 0.07 ±
0.08 ) rad/(G · cm), in agreement with [69]. Figure 4.13 shows that the data shows
an excellent 1/λ2 correlation.

Figure 4.12: A photo of the 4.7 mm pyrex glass sample.

λ (nm)
632
773
1500
1547

Vpyrex (×10−6 rad/(G · cm))
3.57 ± 0.07 ± 0.08
2.3 ± 0.1 ± 0.05
0.51 ± 0.05 ± 0.01
0.48 ± 0.03 ± 0.01

Table 4.3: Measured Verdet constant of pyrex glass for various λ, with air corrections
applied.
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Pyrex: V vs. λ
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Figure 4.13: Plot of V vs. λ for pyrex glass with fit of 1/λ2 added.

4.2.6

Contribution Due to Air

There have been various experiments probing the Faraday effect of air, with results
ranging from (1.3 × 10−9 − 1.9 × 10−9 ) rad/(G · cm), with the most recent experiment
from 2011 reporting 1.4 × 10−9 rad/(G · cm) [70], [71], [72]. Therefore, our results
from the triple modulation method will help to provide a clearer understanding of
what the accepted Verdet constant of air should be, in addition to determining the
small corrective factor to be applied to the glass samples.
Earlier experiments have studied the Faraday rotation of diatomic molecules such
as N2 and O2 , yielding VN2 ∼ 1.45 × 10−9 rad/(G · cm) and VO2 ∼ 1.55 × 10−9 rad/(G ·
cm) at λ = 600 nm [29], [73]. Atmospheric composition is ∼80% N2 and ∼20% O2
[74]. A weighted average for air at λ = 600 nm may be used to extrapolate the value
at 632 nm; this yields an estimation for Vair ∼ 1.34 × 10−9 rad/(G · cm).
To measure the contribution due to air using the triple modulation method, a
magnetic field with amplitude B0 ∼61 G was used, corresponding to a current amplitude I0 ∼2 A, yielding B0 l = (5308 ± 16) G·cm. In order to minimize fluctuations,
an integration constant of the modulated lock-in amplifier of 1000 s was used. The
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value of Vair = (1.5 ± 0.2 ± 0.004) × 10−9 rad/(G · cm) agrees with the estimation
shown above, as well as with references [71], [72]. The values displayed in Table (4.4)
are the values for Vair for various λ that are subtracted off as small corrective terms
when measuring the Verdet constant of the glass samples.
Air: V vs. λ
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Figure 4.14: Plot of V vs. λ for air with fit of 1/λ2 added.

λ (nm)
632
773
1500
1547

Vair (×10−9 rad/(G · cm))
1.5 ± 0.2 ± 0.004
0.8 ± 0.2 ± 0.003
0.27 ± 0.04 ± 0.0008
0.12 ± 0.02 ± 0.0003

Table 4.4: Measured Verdet constant of air for various λ.

4.2.7

GE-180 Glass

The target chamber end windows, as shown in Fig. (4.3), are spherical in nature,
and as such are difficult to accurately measure the thickness for an extraction of the
Verdet constant. To aid in making the first ever measurement of the Verdet constant
of GE-180, a ∼4 mm thick circular plate, borrowed from NIST, was implemented.
73

The Verdet constant for GE-180 is unknown; therefore, the thickness of the plate
needs to be precisely known so that a precise measurement of the Verdet constant
may be obtained. This was accomplished by utilizing an interferometry technique
with a New Focus tunable diode laser.

Figure 4.15: 4 mm GE-180 sample from NIST.

Interferometry may be used to determine the thickness of a transparent material.
Fig. (4.16) shows the schematic of incident light upon a transparent medium with
thickness d. When light is incident upon the interface between medium 1 and medium
2 at angle θ1 , part of the light is reflected and part of the light is transmitted and
refracted at an angle θ2 . The transmitted light is then reflected off of the back surface
of the transparent medium, where the light then undergoes transmission into medium
1, where it interferes with the initial reflected beam. The optical path difference
between the two waves determines if constructive or destructive interference occurs
at specific location [49].
A schematic diagram of the optics set-up is displayed in Fig. (4.17). Emerging light
from the tunable diode laser is s-polarized, and a quarter wave-plate is used to alter
the polarization in order to create two separate beam paths with a polarizing beam
splitter cube. One beam path is utilized as a reference beam, for a normalization
measure to counter fluctuations in laser power. The second path is split further for
wavelength monitoring, with a Burleigh WA-1500 wavemeter, and for signal detection
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Figure 4.16: Interferometry for light partially reflected and transmitted at interface
between two media. The transmitted light is reflected off of the back surface of
medium 2, and re-emitted into medium 1 where the two emerging beams interfere
with each other. θ1 is the angle of incidence, θ2 is the angle of refraction, and d
is the thickness of medium 2. The intensity of the interfering beams is wavelength
dependent.

from the sample surface. Furthermore, an optical chopper, with frequency of 2 kHz,
is used for the two paths that are incident upon the New Focus 2031 photodetectors.
The signals from the lock-in amplifiers and wavemeter are recorded via a LABView
program.
The signal obtained from the reflection off of the sample surface is wavelength
dependent. Normalizing this to the reference beam, one may express the reflected
signal as [49]:
IR =

F sin2 ( 2πn2 dλcos θR )
1 + F sin2 ( 2πn2 dλcos θR )

.

(4.22)

F is given by:
F =

−1 2
4( nn22 +1
)

(1 − ( nn22 −1
)2 )2
+1

,

(4.23)

where n2 is the index of refraction for the sample medium, and θR is the angle
of refraction calculated from Snell’s law sin θ1 = n2 sin θR , with θ1 being the angle
of incidence. Plotting IR versus λ, and fitting the data in ROOT, allows for the
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Figure 4.17: Schematic diagram of the optics set-up for thickness determination using
interferometry. The emerging beam from the laser source is broken up into three
paths. One path goes to a reference detector, for normalization of the data, a second
path goes to a wavemeter for wavelength monitoring, and the third is incident upon
the sample at a small angle of incidence.

extraction of d, the thickness of the sample. GE-180 has a known index of refraction
n2 =1.536 [5]. Fig. (4.18) displays data for the 4 mm thick circular plate from NIST.
The wavelength range scanned over was ∼786.35 nm to 786.65 nm, where a thickness
of ∼4 mm was extracted.
The largest source of uncertainty was given by the angle of refraction θR , from the
uncertainty in the angle of incidence θ1 . A rotational stand was used as the support
structure for the GE-180 sample, thus enabling an estimate of θ1 < 10◦ , indicating
that θR < 7◦ from Snell’s law. Adjusting the initial guess of θR in the ROOT fitting
program from 7◦ to 1◦ , the thickness ranged from 3.995 mm to 4.027 mm. Thus, the
interferometry technique yields a thickness for the NIST GE-180 sample of 4.00 mm
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GE-180 Circular Plate
χ2 / ndf
0.0022

7.856e-07 / 92

Prob

1
4.003 ± 1.146e-05

0.002

Thickness
θR

0.0349 ± 8.176e-05

0.0018

Amplitude

0.009396 ± 0.0002466

Offset

0.0004225 ± 2.324e-05

Reflectance

0.0016
0.0014
0.0012
0.001
0.0008
0.0006
0.0004
-3

×10
0.78635

0.7864

0.78645

0.7865

0.78655

0.7866

0.78665

λ (mm)

Figure 4.18: A plot of the IR vs λ data collected for the 4 mm GE-180 sample from
NIST.

± 0.02 mm, where δd was determined by the spread of the data.
Interferometry techniques are used at JLab to determine the thickness of the side
walls and end windows of the target chamber of various cells, like the cell shown in
Fig. (4.3). To aid in future measurements, an ultra sonic probe may be used to extract
thickness measurements; however, the speed of sound in the material must be known,
as the probe measures the time it takes for the echo signal to be received. If a sample
has a known thickness, it may serve as a calibration in order to extract the speed of
sound. Using the interferometry thickness results, the 4 mm thick GE-180 sample
was used to measure vsGE−180 ∼ (5700 ± 100) m/s. Therefore, future cell thickness
measurements may implement the ultra sonic probe.
Additionally, with a precise measurement for the thickness of the NIST GE-180
sample, a study of the Verdet constant with respect to wavelength was conducted.
Table (4.5) displays the values obtained for this sample, the first study of the Faraday
effect for GE-180 performed. Furthermore, the expected 1/λ2 dependence is shown
in Fig. (4.19). The values obtained are comparable to those reported for various
compositions of glass.
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λ (nm)
632
773
1500
1547

VGE−180 (×10−6 rad/(G · cm))
4.71 ± 0.05 ± 0.01
2.6 ± 0.3 ± 0.007
0.63 ± 0.02 ± 0.002
0.61 ± 0.02 ± 0.005

Table 4.5: The measured Verdet constant of the NIST GE-180 sample for various λ,
with the air corrections applied.
GE-180: V vs. λ
-6

χ2 / ndf

×10
5

3.877 / 2

Prob
0.1439
pre-factor 1.975e-14 ± 2.504e-16
offset

-2.316e-07 ± 2.001e-08

V ( rad )
G • cm

4

3

2

1

-3

×10
0.06
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0.14
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Figure 4.19: Plot of the Verdet vs λ for the 4 mm GE-180 sample from NIST.

With a measurement of the VGE−180 , the Faraday effect may also be utilized to
measure wall thicknesses of the GE-180 constructed cells, as shown in Fig. (4.20).
An evacuated cell, Mozart, was studied, in a secondary set-up, to extract the wall
thickness of the pumping chamber. A Faraday rotation measurement was performed
with an applied amplitude, B0 = 7 G, from a set of Helmholtz coils, with a total
B0 l= (246.5 ± 0.7) G·cm. The total extracted thickness for the pumping chamber
that the laser beam probed was (5.69 ± 0.06 ± 0.8) mm, where the largest systematic uncertainty comes from knowing B0 . Therefore, the thickness of the pumping
chamber is calculated to be around 2.84 mm, assuming that the pumping chamber
has uniform thickness.
Using the ultra sonic probe as a cross check, a thickness of 2.7 mm was obtained
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Figure 4.20: A picture of the ultrasonic probe used to measure wall thickness of an
evacuated GE-180 constructed cell.

for each side of the pumping chamber, which results in a total thickness probed
by the laser beam of (5.4 ± 0.2) mm being obtained, which agrees with Faraday
effect thickness extraction method. Therefore, a Faraday effect measurement may be
implemented for future wall thickness measurements of the GE-180 cells at JLab as
well. This is of particular interest for filled cells that contain high pressure gases, and
have the potential for an explosion to occur.

4.3

3

He Coils Calibration

To generate an uniform magnetic field over the ∼40 cm target chamber of the hybrid
cell for the Faraday rotation of polarized 3 He, larger Helmholtz coils were implemented. Fig. (4.24) displays the water cooled Helmholtz coils used with the 3 He
set-up. The coils have a diameter of 65.500 , and can produce a field up to 40 G. Fig.
(4.21) shows the field map of these coils to obtain the B0 l, where a current of 16.418
A and voltage of 47.38 V were used to generate a static holding field of 25 G.
As a result of the large radius of the coils, a secondary shielding apparatus was
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Figure 4.21: A map of the large Helmholtz coils used for the 3 He Faraday rotation
measurement. The plot shows three different fits, resulting from the magnetic shielding used around the PEM, analyzer, chopper, and detector.
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Figure 4.22: A plot of B vs. I for the larger Helmholtz coils. A linear fit was applied
for the extraction of I0 from B0 .

implemented, and consisted of a Metglass wrapped boxes. One box was placed around
the PEM, analyzer, and detector, while the other was placed around the first polarizer,
thus ensuring that there was no modulated field in these regions. Evidence of the
G-Iron magnetic shielding after the sample is observed in Fig. (4.21), manifested by
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the asymmetry of the +z data, resulting in the integral being segmented into three
regions. Region 1 extends from −2.54 m to 1.35 m, and was fit with the typical
magnetic field of Helmholtz coil, as given by Eq. (4.21). The integral yielded an area
of (5490 ± 20) G·cm, a current of 16.29 A, number of turns N = 153, radius R = 0.859
m, and distance of separation d = 0.907 m. Region 2 extends from 1.348 m to 1.6604
m, and a 1/z function was used as the fit function, resulting in an area of (212 ± 4)
G·cm. Region 3 utilized a first order polynomial fit from 1.660 m to 1.762 m, in which
an area of (36 ± 7) G·cm was obtained. Therefore, the total integral is the sum of
these results for the three regions, yielding (5740 ± 20) G·cm. If region 1 is extended
over the entire range of −2.54 m to 1.752 m, a value of (5720 ± 20) G·cm is obtained,
only 0.35% different than the previous result of dividing the range into three regions.
Thus, for B0 l calculations used for the subtraction of the contribution due to air, the
latter method of employing Eq. (4.21) for the entire range was implemented, where a
0.3% systematic uncertainty is assumed. Table (4.6) displays the B0 l for various field
amplitudes at a frequency of f = 1 Hz. Furthermore, Fig. (4.22) shows that the plot
of B vs. I is linear as expected. The fit was used to extract I0 from measured B0 in B
field modulation, where the frequency for these data sets of modulation was at 1 Hz.
B0 (G) I0 (A) A
ASF 57 AN IST
AP rin. AP yrex
13.3
8.51 2989 14.02
5.27
2.24
4.34
13.6
8.70 3056 14.32
5.40
2.29
4.44
Rz
Table 4.6: The −z B dl, in units of (G· cm), determined for an amplitude, B0 , of
the external magnetic field for various samples, where A is the total integral. For air
corrections to glass samples, the total B0 l of air is given by A - Aglass . For air, the
uncertainty was estimated to be 0.3%, and for the glass samples an estimate of 3%
is made to account for misalignment.

To calibrate these Helmholtz coils, the glass samples discussed previously were
used with the triple modulation method to extract the Verdet constant for each
material. Prior to data collection, the transmission axis angles of the polarizer and
analyzer were fine tuned to ensure proper set-up. When the GTP are placed into
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the rotational stage, misalignment may occur, due to improper alignment of the
transmission axis with the 0◦ setting on the high precision stage. Thus, a beam
splitter was used to optimize the first polarizer’s angle setting to ensure that spolarized light is incident upon the sample. As a result, the polarizer angle was set to
88.8555◦ for s polarized to be transmitted. Furthermore, an improper alignment of
the analyzer transmission axis may result in errant results. With the proper angle of
the polarizer determined, the correct placement of the analyzer angle may be found in
a straight-thru set-up, via rotating the polarizer by −45◦ to 42.8555◦ . The analyzer
is then rotated until a null 2f signal is obtained, whereupon the minimizing angle of
the analyzer corresponds to the analyzer’s transmission axis being at 0◦ or 90◦ w.r.t.
the PEM optical axis, resulting in the proper analyzer angle being at a 45◦ offset
from the obtained null setting [42]. For our set-up, a minimum 2f signal of 6 µV
was obtained at an analyzer angle of 92.6075◦ ; therefore, the proper polarizer and
analyzer angles for the set-up are 88.8555◦ and 47.6075◦ respectively.
The analyzer angle setting was double checked with a secondary method. If the
analyzer’s transmission axis is properly oriented at ±45◦ w.r.t. the PEM optical
axis, then a rotation of 90◦ should result in the same signal, as the transmission axis
would still be oriented at ±45◦ . Therefore, the analyzer was rotated by −90◦ while
monitoring the DC signal to see which configuration of ±45◦ generated the same DC
signal. This was found with the analyzer angles of 47.6◦ and −42.4◦ , where the DC
signal was 42.8 mV and 42.7 mV respectively, reflecting a 0.2% change.

4.3.1

Calibration Set-up and Samples Tested

The set-up is the same as shown in Fig. (4.5), with exception of the frequency of the
modulated magnetic field, where a frequency of 1 Hz was employed and the Thorlabs
632 nm HeNe laser used previously was set to the intensity stabilized mode. Signal
analysis was performed in the same manner as previously described.
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The first sample tested was that of SF57. Data for the SF57 sample was collected
with magnetic field amplitudes of 13.3 G and 13.6 G, and one run was taken with the
analyzer angle offset by 90◦ , thus at an angle of −42.3925◦ , as a test to ensure that the
same Verdet constant was obtained. The data is displayed in Table (4.7), where Run
3 was performed with the analyzer angle at −42.3925◦ , again confirming the proper
alignment of the analyzer angle since the result from Run 3 agrees with the other data
sets. Calculating a weighted average for the Verdet constant of SF57 flint glass in this
set-up yields VSF 57 = (2.0272 ± 0.0004 ± 0.0200) × 10−5 rad/(G · cm). Comparing this
result to that obtained previously, namely (1.994±0.002±0.005)×10−5 rad/(G·cm),
the data shows agreement between the two set-ups.
Run #
1
2
3*
4

B0 (G)
13.6
13.6
13.6
13.3

φ (×10−6 rad)
300.98 ± 0.30 ± 0.01
297.36 ± 0.10 ± 0.01
298.69 ± 0.09 ± 0.01
287.84 ± 0.20 ± 0.01

V (×10−5 (rad/(G·cm))
2.050 ± 0.002 ± 0.020
2.0252 ± 0.0009 ± 0.0200
2.025 ± 0.0006 ± 0.0200
2.004 ± 0.001 ± 0.020

Table 4.7: The data collected for the 1/200 SF57 sample with the 3 He coils with a 1
Hz magnetic field modulation frequency. Run 3 was collected with the analyzer angle
at −42.3925◦ . The data reflects the correction due to air calculated with these coils.
Furthermore, data was collected in this set-up for air, the NIST GE-180 sample, a
pyrex sample, with a thickness of 0.33 cm, and a second GE-180 sample borrowed from
Mike Souza, the glassblower at Princeton who makes the glass cells used for polarized
3

He experiments at JLab. This sample, shown in Fig. (4.23), has a thickness of 1.7

mm ± 0.02 mm, as measured by digital calipers, also registers a speed of sound of
(5700 ±100) m/s from the ultra sonic probe, agreeing with that measured for the
NIST GE-180 sample.
The data collected for air showed a Verdet constant of Vair = (1.414 ± 0.003 ±
0.004) × 10−9 rad/(G · cm). Data collected for the 0.33 cm pyrex sample yielded a
value of Vpyrex = (3.507 ± 0.004 ± 0.030) × 10−6 rad/(G · cm), and the Verdet constant
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Figure 4.23: The GE-180 sample from Princeton, with a thickness of 1.7 mm.

for the NIST GE-180 sample recorded a value of VN IST = (4.449±0.004±0.04)×10−6
rad/(G · cm). These values are in agreement with those previously recorded in the
first Faraday effect set-up.
Data was collected in three separate runs for the Princeton GE-180 sample, with
the values being displayed in Table (4.8). A weighted average for this data set results
in VP rinceton = (3.790 ± 0.007 ± 0.050) × 10−6 rad/(G · cm), approximately 20%
lower than the NIST GE-180 sample. This seems indicative of a slight difference
in the chemical composition between the two GE-180 samples, as the NIST sample
generated a rotation of of 28.51 µrad, roughly double that of the rotation seen with
the Princeton sample.
Run #
1
2
3

B0 (G)
13.6
13.6
13.6

φ (×10−6 rad)
13.14 ± 0.02 ± 0.01
12.98 ± 0.03 ± 0.01
13.29 ± 0.07 ± 0.01

V (×10−6 (rad/(G·cm))
3.82 ± 0.01 ± 0.05
3.75 ± 0.01 ± 0.05
3.88 ± 0.03 ± 0.05

Table 4.8: The data collected for the 1.7 mm Princeton GE-180 sample with the
3
He coils with a 1 Hz magnetic field modulation frequency. The data reflects the
correction due to air calculated with these coils.

84

4.4

3

He Set-up

A polarized 3 He target will generate a small volume magnetization due to the alignment of nuclear spins along a quantization axis provided by an applied external
magnetic field; therefore, it is the nuclear spin optical rotation that needs to be
isolated from the rotation effects from both air and the end windows of the target
chamber. Dale, the hybrid cell utilized in this experiment, has a 3 He density in the
target cell at 240◦ C of roughly 10 amg, corresponding to a number density N =
2.7×1026 m−3 . For a 100% polarized target, the magnetic field generated, which is
given by B = µ0 M = µ0 N µ3 He , is ∼36 mG. From [6], the rotation generated by a
gyromagnetic Faraday rotation is given by:
φ=

gµn M0 l
,
2h̄c

(4.24)

where, gµn /h̄ denotes the gyromagnetic ratio of the particle, M0 is the magnetization
of the sample volume, l is the length of the sample, and c is the speed of light.
Estimations of the rotation for a 100% polarized target with a length of 40 cm,
which is the length of the target chamber of the hybrid cell, yield a value of ∼490
nrad. The rotation measured depends directly upon the polarization of the target
via the relation M0 = µ3 He N ; therefore, a Faraday rotation measurement is a new
method in which to extract the polarization of the target. Current polarization
extraction methods include nuclear magnetic resonance (NMR) spin flips or electron
paramagnetic resonance (EPR).
As previously mentioned, the polarized 3 He nuclei need a quantization axis for
a polarized target. The relative strength, however, of the applied external magnetic
field does not matter, as only a field direction is required. Therefore, the triple
modulation method used for calibration purposes will not be an effective method
to isolate the rotation signal generated solely by the polarized 3 He nuclei. Instead
of modulating the amplitude of the external magnetic field, a static holding field of
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10.4 G was applied, corresponding to a resonance frequency of 33.7 kHz through the
gyromagnetic ratio of γ3 He = 3.243 kHz/G. RF coils are used to generate a small
oscillating field perpendicular to the holding field at frequencies between 28.5 kHz to
38.5 kHz, with amplitudes from 42 mG to 130 mG. A frequency sweep of 1 s was
performed every 200 s to flip the spins of the polarized nuclei, thus becoming the
third modulated quantity in the triple modulation technique.

Shielding
RF	
  Coils

NMR	
  Pick-‐up
	
  Coils

Holding	
  Field	
  Coils

Figure 4.24: A picture of the Helmholtz coils used for the 3 He set-up. A static
holding field is generated by the large red coils. The large transverse coils are used to
generate an RF field for polarized 3 He spin-flipping, and smaller pick-up coils measure
the NMR signal to extract the target polarization.

4.4.1

RF Coils

The RF coils are 3500 in diameter, with 82 turns in each coil, and are connected in
parallel, with a measured equivalent resistance of 7 Ω and inductance of 10 mH. The
resistance of the bottom coil is 14.8 Ω, and the resistance of the top coil is 14.9 Ω, such
that the same current goes through each coil. An HP 3324a Function Generator, with
a peak amplitude of 240 mV, and an offset of 0 mV, is used in connection with an RF
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amplifier to produce the signal supplied to the coils. Prior to the signal amplification
with the RF amplifier, the output of the function generator goes through a series of
capacitors, as shown in Fig. (4.25).
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Figure 4.25: A schematic diagram of the capacitor box for impedance matching.

The RF coils initially generate a magnetic field at a frequency of 28.5 kHz 200
s before a sweep up of 10 kHz is performed in 1 s, whereupon the frequency then
remains at 38.5 kHz for 200 s before a sweep down back to 28.5 kHz is performed,
again, in 1 s. Fig. (4.26) depicts a graphical representation of the timing pattern
implemented during the experiment.
To calculate the amplitude of the RF field, a single loop coil, with radius r = 5 cm,
is connected to an oscilloscope where the induced peak-to-peak voltage is measured.
This induced peak-to-peak voltage is related to the change in flux, Φ, through the
area of the coil by the expression:
ind
Vpk−pk
=−

dΦ
= 4πf AB1 ,
dt

(4.25)

where f is the frequency of the RF field, A is the area of the loop, and B1 is the amplitude of the RF field. The capacitors were tuned such that a minimum background
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Figure 4.26: A schematic diagram of the timing of the RF frequency sweep performed
during the experiment.

NMR signal was obtained for the frequency range of 28.5 kHz to 38.5 kHz, whereupon
the amplitude of the RF field is from 130 mG to 42 mG respectively. Furthermore,
tests show that this frequency range, coupled with the capacitor tuning, generates a
minimum RF amplitude range.
A simulation of the 10 kHz/s sweep was performed by [75] using the BulirschStoer Algorithm in tandem with the fifth-order Runge-Kutta integration, to solve
the Bloch Equations, described in Eq. (4.11). Fig. (4.27) displays the solutions of the
three components of the polarization, as well as the magnitude of the polarization,
with the measured RF field amplitude values incorporated.

4.4.2

Pumping Laser and Optics

To polarize the 3 He nuclei via SEOP, three Coherent Fiber Array Package broadband
lasers at 795 nm were used, with currents of 30 A. In the SEOP process, the high
density of 3 He gas, in addition to the small amount of N2 , results in the homogeneous
broadening of the Rb absorption line of 18 GHz/amg and 14 GHz/amg, respectively;
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Figure 4.27: A plot of the solution to the Bloch Equations, simulating the polarization
components and magnitude during a NMR spin-flip.

these contributions from 3 He and N2 are much larger than both the natural width of
5.7 MHz, and the Doppler broadening of 250 MHz at 200◦ C [59]. Thus, broadband
laser light is effective for the optical pumping method.
Fibers coming from each laser unit was connected to a 3-to-1 combiner from
LEONI, which contains three separate input fibers and one output; this allowed for a
condensed pumping optics set-up to be utilized, as Fig. (4.28) displays. Unpolarized
light emerging from the 5 m long single fiber output was incident upon two lenses
L1 and L2 . These lenses were adjusted so that the incident light upon the pumping
chamber was focused to a ∼300 diameter spot. An alignment mirror, M1 , directed
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the beam to a polarizing beam splitter (PBS) cube, where the p wave component
emerges along the original beam path direction, and the s wave component is directed
perpendicular to the original beam path direction. The p wave was then reflected off
of an alignment mirror, M2 , whereupon the reflected beam passed through a quarter
wave-plate, Q1 , such that the emerging beam became circularly polarized. The s
wave is directed through quarter wave-plate, Q2 , where the beam is reflected from
M3 back through Q2 , thus becoming a p wave which is then transmitted through
the beamsplitter toward the target. Therefore, two p wave beams become circularly
polarized after going through the quarter wave-plates, Q1 and Q3 , as shown in Fig.
(4.29). These quarter wave-plates were calibrated such that the two linearly polarized
p waves would both emerge circularly polarized in the same sense, that is, both either
right circularly polarized or left circularly polarized.
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Figure 4.28: A schematic diagram of the pumping optics for SEOP. Initially, unpolarized laser light is incident upon the beam splitter, where the s and p waves are
separated, whereupon the s wave is transformed into a p wave via being transmitted
through a quarter wave-plate twice. The two emerging p waves are converted into
circularly polarized light after passing through two additional quarter wave-plates.

To maximize the average polarization, the pumping lasers need to be incident upon
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Figure 4.29: A picture of the pumping optics for SEOP. During spin flips, a linear
actuator is used to block the pumping beam while the quarter wave-plates are rotated with high precision rotational stages; this allows for the condition of continuous
pumping to be met.

the pumping chamber continuously, that is, each spin state needs to be pumped after
the 3 He nuclei have been flipped. This is accomplished by inserting Q1 and Q3 in
high precision rotational stages, like the stage implemented for the sample holder in
the SMOKE set-up, which rotates Q1 and Q3 by ±90◦ , +90◦ during a sweep up and
−90◦ during a sweep down. However, prior to rotating the quarter wave-plates, the
beam must be blocked so as to avoid pumping the wrong state. A L12-100 mm linear
actuator from Firgelli, coupled with the linear actuator control board, was used to
block the beam with a piece of ceramic while the wave-plates rotated. The rotational
stages and linear actuator were controlled via a LabView program that referenced the
z-blank output signal from the 3321a Function Generator to trigger the beginning of
a sweep cycle.
Power curves were taken separately for each of the three Coherent lasers with
a Molelectron power meter and 200 diameter sensor. A small collection of data was
taken with the 3-to-1 combiner being used, and is shown in Table (4.9). One should
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note that this data was collected with each laser being individually powered up, and
that an older laser power supply and older diodes were used in Laser # 2 at the time
of collection.
I (A)
6.5
7
8
9
10

P1 (W)
0.285
0.690
1.54
2.38
3.21

P2 (W)
0.158
0.425
1.05
1.70
2.34

P3 (W)
0.337
0.706
1.46
2.20
2.94

Table 4.9: The power versus current readings for the 3 Coherent FAP system lasers
used for SEOP. The data was collected with the implementation of the 3-to-1 combiner
as well as the additional optical components used to generate circularly polarized
light.

An extrapolation of a linear fit to the data listed in Table (4.9) shows that at a
current of 30 A, an output power of ∼20 W, 15 W, and 18 W is expected for Lasers
# 1, 2, and 3 respectively. Therefore, a total combined power of ∼53 W is expected.
At the conclusion of the experiment a power measurement was taken for the two
circularly polarized beams at a distance approximately halfway between Q1 /Q3 and
the pumping chamber of the cell. The right beam, labeled 1 in Fig. (4.29), yielded a
reading of 26 W, and the left beam, labeled 2, generated 17 W. A summation of these
quantities yields that a total power of 43 W was incident upon the pumping chamber,
a quantity lower than the extrapolated value from the data in Table (4.9); thus,
additional power losses, of order 10 W, occurred. Further power losses are incurred
due to reflections from the spherical surface of the pumping chamber; therefore, not
all of the 43 W measured during the experiment was available for pumping.

4.4.3

Polarization Modeling

For the triple modulation method implemented in this experiment, the 3 He spins
were modulated using NMR spin-flips. A model of the average target polarization was
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applied to determine an appropriate frequency for the spin-flips. Variables to consider
are: P0 , the maximum polarization that may be obtained; Tp , the initial pump-up
time prior to beginning NMR spin-flips; Tf , the spin-flip interval, that is, the time
between spin-flips; Pdrop , a small loss factor that the target polarization experiences
due to a single spin-flip; τ , the typical target spin-up time; τd , the time constant
for depolarization; and whether or not to continuously pump. The conditions for
continuous pumping require that the two quarter-wave plates that generate circularly
polarized light, be rotated by 90◦ after a spin-flip has been performed; otherwise,
if the wrong polarization state is incident upon the pumping chamber, the target
polarization suffers, and is essentially destroyed.
Recalling that Eq. (4.5) reflects the 3 He polarization, the equation implemented
in the model for the target polarization build-up is represented by:
P = P0 (1 − e−t/τ ),

(4.26)

where t is time, and τ has been set to 10 hours for the simulation [75]. Dale, the
3

He target cell, has a maximum polarization between 38-45% [53]. As a result, a

value of 0.4 for P0 was used in the model. From Fig. (4.34), a loss factor of 1%
was obtained from a series of fast NMR spin-flips; this value for the loss factor was
incorporated into the model. After a time t = Tp has elapsed, the first NMR spin-flip
occurs, whereupon the polarization, described in Eq. (4.26) is multiplied by the loss
factor. Thus, the polarization is then given by Pa = Pb · 0.99, where Pb is the target
polarization prior to the spin-flip, and Pa is the target polarization after the spin-flip.
Once the spin-flip occurs, a new start time for pumping must be determined. This
is accomplished by solving Eq. (4.26) for t, whereupon the new start time, denoted
with t1 is given by:

P0 − Pa
.
t1 = −τ ln
P0
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(4.27)

For the case of continuous pumping, Eq. (4.26) is modified slightly, so as to incorporate
the new start time for pumping t1 , and a stored time ts , which is equal to the time t
where the last spin-flip occurred. Therefore, the target polarization is:
P = P0 (1 − e−(t1 +∆t )/τ ),

(4.28)

where ∆t = t - ts . However, in the scenario where the pumping lasers are blocked
after every other spin-flip, then the target polarization, given by Pa as previously
defined, undergoes a relaxation process, which expressed as:
P = Pa e−∆t /τ .

(4.29)

To extract the average target polarization, the model takes the summation of the
P
averages for two consecutive polarization values; that is, P̄ = i (Pi + Pi+1 )/2.
One consideration is the determination of the effect that Tp , the initial pump-up
time before the first spin-flip, has on the average target polarization. Figs. (4.30)
and (4.31) show the target polarization versus time for values of Tp equal to 10 hours
and 0 hours respectively. Both plots show that an equilibrium target polarization is
achieved. Table (4.10) summarizes the average target polarization for various values
of Tf and Tp , for the conditions of continuous pumping and pumping after every
other spin-flip. An increase in the time between spin-flips results in an increase in
the average target polarization, however, the initial pump-up time, Tp , has a small
effect.
Another parameter is whether or not continuous pumping will occur. Comparing
the data obtained for P̄ and P̄1/2 in Table (4.10), one sees that the average target
polarization is significantly reduced when pumping only occurs half of the time. The
data shows that the implementation of the quarter wave-plate rotational system, with
linear actuator shutter control for continuous pumping, and an increase in Tf , the time
between spin-flips, generates a larger target polarization and hence, a larger Faraday
rotation; therefore, Tf = 200 s was used in this study, providing a balance between
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a reasonable experimental time and a greater target polarization, while providing
an input reference frequency above the minimum 1 mHz into the modulated lock-in
amplifier.
Tf (s)
50
100
200
50
100
200

Tp (h)
0
0
0
10
10
10

P̄ (%)
4.7
8.4
13.7
6.0
9.6
14.6

P̄1/2 (%)
2.5
4.6
8.1
4.0
6.2
9.8

Table 4.10: The average target polarization for different initial pump-up times, Tp ,
and time between spin-flips, Tf , calculated from a simple exponential model with
a 1% loss factor incorporated. The quantities P̄ and P̄1/2 , represent the average
polarizations for the condition of continuous pumping, and pumping after every other
spin-flip, respectively.
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Figure 4.30: A plot displaying the Polarization vs. Time as extracted from the model,
with a 1% loss factor incorporated. The data reflects a flip interval of 200 s with an
initial pump-up time, Tp = 10 hours.
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Figure 4.31: A plot displaying the Polarization vs. Time as extracted from the model,
with a 1% loss factor incorporated. The data reflects a flip interval of 200 s without
an initial pump-up time.

4.4.4

Lock-in Amplifier Settings

The spin-flip modulated lock-in amplifier was set to DC coupling, since the frequency
of the modulation, 5 mHz, is below the 1 Hz recommended threshold for AC coupling.
Furthermore, a time constant of 10 ks was used, with the ASYNC mode setting;
however, data was recorded every 60 s. In the ASYNC mode, the time constants
are not related to the input reference frequency. As in the calibration set-up, vastly
different frequencies were used for the input reference frequencies of each of the three
lock-in amplifiers. The time constant settings for the 2f and DC lock-in amplifiers
were 320 µs and 500 ms respectively.

4.5

Nuclear Magnetic Resonance

Nuclear magnetic resonance occurs when a nucleus of non-zero spin is subjected to
a static magnetic field and an oscillating magnetic field, and is a method used for
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polarization measurements. These measurements may be performed in two manners.
The first involves a sweep of the magnetic holding field while the frequency of the
RF field is held constant; this is referred to as the field sweep method. Secondly,
a frequency sweep method sweeps frequency of the RF field as the holding field
remains static. Both cases implement the basis of Adiabatic Fast Passage (AFP),
where two conditions must be met. The adiabatic condition assures that the spins
can follow the sweep; this is accomplished when, compared to the Larmor precession
frequency, the passage of the spins through the resonance is slow. However, to satisfy
the fast condition, the spins must pass through the resonance fast compared to the
spin relaxation times. If either condition is not met, then a measurement of the
polarization cannot be attained. In the 3 He set-up, a frequency sweep is performed,
in order to isolate the Faraday rotation signal from the polarized 3 He nuclei.

4.5.1

Fundamentals of NMR Frequency Sweep

~ , which may also be written as
A free particle that posseses a magnetic moment M
~ where γ is the gyro-magnetic ratio and I~ the particle’s spin, will experience a
γh̄I,
~ 0 . The torque may be expressed as:
torque, ~τ , if subjected to a magnetic field B
~ ×B
~ 0.
~τ = M

(4.30)

However, the torque may also be written in terms of the rate of change of angular
momentum. Thus, the torque is also written as,
~τ = h̄

dI~
,
dt

(4.31)

indicating that the rate of change of the magnetic moment is:
~
dM
~ ×B
~ 0.
= γM
dt
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(4.32)

The above expression is valid for the laboratory frame. In a rotating frame, denoted
0

by S , with respect to the laboratory frame that rotates with an angular velocity ω
~,
~ for the two frames are related via the expression:
the time derivatives of M
~
~
dM
~
∂M
~ = γM
~ ×B
~0 − ω
~ = γM
~ × (B
~0 − ω
=
−ω
~ ×M
~ ×M
).
∂t
dt
γ

(4.33)

~ /∂t is the rate of change of the magnetic moment in the rotating frame S 0 . There∂M
0
~ e , that replaces the original holding field, B
~ 0 , in
fore, S contains an effective field, B

the laboratory frame. This effective field is given by,
~
~e = B
~0 + ω
B
.
γ

(4.34)

~ e , vanishes when the rotating frame,
From the above expression, the effective field, B
0

~ 0 ; therefore, the magnetic moment
S , rotates with an angular velocity ω
~ =ω
~ 0 = −γ B
is a constant of motion, that is, ∂M/∂t = 0, implying that in the laboratory frame
the magnetic moment precesses at the Larmor frequency ω
~ 0.
~ 1 , is applied in the x direction,
To perform a frequency sweep, an oscillating field, B
~ 0 , in the z direction. B
~ 1 rotates about
perpendicular to the constant holding field, B
~ 0 with an angular velocity ω
B
~ . Therefore, one may consider that the unit vector î,
~ 1 , such that the effective field, B
~ e , is static
along x, is in a rotating frame, S’, along B
in S’ and may be expressed as:
~ e = (B0 + ω )k̂ + B1 î.
B
γ

(4.35)

Since B0 = −ω0 /γ, the effective field written above becomes,
~ e = ( ω − ω0 )k̂ − ω0 î.
B
γ
γ

(4.36)

For the adiabatic fast passage condition to be satisfied, the following condition
must be met, as derived in [59], [67]:
|γB1 |
<< |ω̇| << γ 2 B12 .
T2
98

(4.37)

In this experiment, the gyromagnetic ratio of 3 He is, γ = 3.243 kHz/G, T 2 denotes
the spin relaxation time of 3 He, and |ω̇| is the rate of change in the frequency of the
RF field applied perpendicular to the holding field B0 . Typical NMR set-ups have
the relation that B1 << B0 , a condition that is met in this experiment with B1 ∼ 130
mG and B0 = 10.4 G. From the above expression, |ω̇| << 137 kHz/s. During the
triple modulation with NMR spin flips, the frequency rate of change was 10 kHz/s.

4.5.2

NMR Signal Data

During this experiment, various frequency sweeps were performed to ensure that a
polarized 3 He target was obtained, and Fig. (4.32) displays the set-up of the electronics
used for the NMR measurements. The induced emf voltage was measured with an HP
34051A 6.5 digit digital multimeter from the NMR pick-up coils, which are oriented
perpendicular to both the static holding field of 10.4 G, and the small oscillating RF
field applied. The coils are wound in a 15.5 × 2.2 cm2 rectangle, with 200 turns each,
and are oriented with the longest dimension along the target chamber. To amplify the
induced voltage signal, a SR560 low noise pre-amplifier was used, where the pick-up
coils were connected via two inputs, A and B. A gain factor of 50 was selected, with
a signal output of the difference, (A − B), between the two coils. This allows for the
background signal to be minimized while adding the signals, as the coils are wound
in opposite directions.
The actual amplification of the output signal of the pre-amplifier was tested,
using an oscilloscope to measure the peak-to-peak voltage of a sinusoidal signal of
40 mV peak-to-peak from an HP 3324a function generator. Prior to amplification,
the oscilloscope measured a peak-to-peak voltage V0 = 43 mV, with an estimated
uncertainty of 2 mV. The A and B outputs from the pre-amplifier were measured,
and both yielded VA,B = 2.03 V, with an estimated uncertainty of 0.01 V. Therefore,
the actual gain from the pre-amplifier is given by the ratio VA,B /V0 = 47 ± 2.
99

2'30,04#56
()*+,-.*#/0*01',.1

8=-;0*,
".>01#?)::;@

A.9:),01

7(#A.-;B
!"#$$%&'
()*+,-.*#/0*01',.1

7(#89:;-<-01

!"#$%&'()

"10I89:

7(#A.-;B
!.;C-*=#(-0;C#!D!D#A.-;B

EDF#G-=-,
H);,-90,01

Figure 4.32: A schematic diagram of the set-up for the electronics used in the NMR
measurements.

Fig. (4.33) shows a typical frequency sweep signal obtained; the amplitude of the
signal is of importance, as it is related to the polarization of the target. The signal
obtained has a fit to the square root of a Lorentzian function applied, given by the
expression:
S∝p

Aω1
(ω − ω0 )2 + ω12

,

(4.38)

where A is the peak height of the signal, ω1 is a quantity related to the width of the
peak, ω is the frequency of the RF field applied, and ω0 is the Larmor frequency [60].
Due to background, the voltage signal is fit with additional terms in ω, namely, c2 ω 2
+ c1 ω + c0 .
Furthermore, a series of fast NMR sweeps on a polarized 3 He were performed to
estimate the polarization loss per flip, which are due to a short transverse relaxation
time, T2 , that is generated by a longitudinal gradient in the applied magnetic holding
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Figure 4.33: A plot of a typical frequency sweep signal from the pick-up coils. A
gain factor of 47 from a pre-amplifier is reflected in the signal. A fit to the data is
displayed as well.

field [57]. During these sweeps, the pumping lasers were blocked, and the sequence
of the frequencies of the RF coils was 1 s at 28.5 kHz, a 1 s sweep up, 1 s at 38.5
kHz , and a 1 s sweep down. This was repeated so that 28 spin flips were obtained.
The data is shown in Fig. (4.34), where fit of the form, V0 (1-∆)n , has been applied,
where V0 is the initial voltage before the first flip, ∆ is the loss factor, and n is the
flip number. From the fit to the data, a loss factor of 1% is obtained, an indication
of a short transverse relaxation time T2 , [57].

4.5.3

COMSOL NMR Modeling

COMSOL Multiphysics is a program that allows for various simulations to be performed. The 3 He cell and NMR pick-up coils were included in a COMSOL simulation,
to model the flux through the NMR pick-up coils during a spin-flip. Fig. (4.35) shows
the COMSOL depiction of the target cell. From this, the flux through the coils may
be calculated, thus rendering a theoretical model of the induced voltage peak height
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Figure 4.34: A plot of NMR voltage peak heights obtained during a series of fast
NMR sweeps performed with a polarized 3 He target. A fit of the form, V0 (1-∆)n , has
been applied to the data. V0 is the initial voltage before the first flip, ∆ is the loss
factor, and n is the flip number. A loss factor of 1% loss per flip is obtained.

for a 100% polarized target. The induced voltage in the coils may be expressed by
the following equation:
Vind =

µ0 gµ3 He P3 He N3 He ω1
ωRF
p
G∇ GΦ Φ,
8π
(ω0 − ωRF )2 + ω12

(4.39)

where g = 4.2, related to the gyromagnetic ratio of γ3 He , P3 He is the polarization of
the 3 He in the target chamber, N3 He is the target chamber number density of 3 He,
ω1 = γ3 He B1 , ω0 = γ3 He B0 , ωRF is the frequency of the RF coils, G∇ is the gain due
to magnetic field gradients, GΦ is the gain due to the flux, and Φ is the flux through
the NMR pick-up coils [56]. The gain, G∇ , in the above expression is taken to be
unity, whereas, GΦ is given by:
GΦ = 1 +

ppc npc Φpc
,
ptc ntc Φtc

(4.40)

with p being the polarization, n being the number density, and Φ being the flux for
the pumping chamber (pc) and target chamber (tc), respectively. Reference [56] gives
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expressions for calculating the number densities for the target and pumping chambers
based on the fill density of the cell, as well as the temperature and volume ratios, t
and v, of the pumping chamber to the target chamber:

npc = nf ill


1+v
,
t+v

(4.41)

ntc = npc t.
From [53], the fill density of the cell is 8.43 amg, and the volume ratio, v, may be
calculated by:
v=

97.991 ml
= 1.374,
71.301 ml

(4.42)

Furthermore, the pumping chamber is kept ∼240◦ = 513.15 K, while the average
temperature of the target chamber is ∼330 K, such that t = 1.555 [56]. This yields the
number densities of 6.833 amg and 10.625 amg for the pumping and target chambers,
respectively.

Figure 4.35: A picture of the 3 He target cell modeled in COMSOL [76].

COMSOL calculated the flux through a single loop of one of the pick-up coils
during a spin-flip, where the number densities and cell dimensions, including cell wall
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thickness, are taken into account. Fig. (4.36) displays a graphical representation of
the flux in the cell at one particular instant. Measurements were made for the cell dimensions, and numerous iterations of the COMSOL flux calculation were performed,
targeting more specifically the diameter of the target chamber, and is believed to be
known to within 1 mm. The flux data generated by COMSOL must be multiplied
by a factor of 400, accounting for 200 turns in the two NMR pick-up coils used to
measure experimentally the induced voltage. With the flux data generated, the theoretically induced voltage may be determined from Eq. (4.39), where a plot of Vind vs.
ωRF was created for P3 He =1, as shown in Fig. (4.37). The different cell dimensions
were used to calculate a range of peak voltages for a 100% polarized target, where a
peak voltage of (83 ± 16) mV is determined. Contributing to this voltage range is
the non-uniform B1 generated by the RF coils. Therefore, for the determination of
the target polarization from NMR flips performed during the experiment, the ratio,
exp.
th.
Vind
/Vind
, will be calculated to extract P3 He .
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Figure 4.36: A graphical representation of the flux throughout the 3 He target cell at
a particular instant, generated in a COMSOL model [76].
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Figure 4.37: A plot of Vind vs. ωRF from the COMSOL model with a fit applied.

4.6

Systematic Studies

Various systematic studies were performed to minimize the systematic effects. One
area of interest is that of the Faraday probe beam’s position and profile as it exits
the target chamber. Prior to the beam being incident upon the 1st GTP, a laser
beam steering correction system, Guidestar II from Newport, was used. This setup incorporated two picomotor mirror mount actuators, two camera sensors, and a
controller. When the profile of the beam incident upon the cameras is locked, the
picomotor mounts automatically adjust the mirrors to bring the beam back to the
original position. Thus, the Guidestar II system regulates the position of the incident
beam upon the polarizer and the target chamber.
However, the curved nature of the target chamber end windows implies that small
movements of the cell can result in a change of not only the profile of the transmitted
beam, but also the position of the transmitted beam upon the detector. Prior to
heating the pumping chamber with the oven system, the HeNe beam was aligned
so that the DC signal from the detector was a maximum. With the Guidestar II
system locked, a change in the DC voltage level is indicative that the cell had shifted.
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During the heating of the pumping chamber, the DC voltage level was monitored with
a digital multimeter. The change in cell temperature resulted in the movement of the
cell, and as a consequence, the DC signal decreased. Adjustments were then made
with an alignment mirror, positioned after the two picomotor mount actuators, but
before the polarizer, such that the original DC voltage level, prior to the heating of
the cell, was recovered. Throughout the experiment, the DC voltage was monitored,
and the alignment mirror was adjusted as needed so as to maintain the same DC level
and profile of the transmitted beam incident upon the detector. Therefore, effects
due to beam and cell movement were minimal.

Figure 4.38: A photo of the transmitted Faraday probe beam during the 3 He experiment.

Gradient fields can effect the 3 He target polarization. A Gaussmeter probe was
used to map the field along the length of the target chamber. The transverse magnetic
field components, Bx and By , are shown in Fig. (4.39), and the longitudinal component, Bz , is displayed in Fig. (4.40). These plots show that there are gradients in the
transverse components, which contribute to a shorter transverse relaxation time, T2 .
~ x | and |∇B
~ y |,
The gradients were estimated to be (0.004 ± 0.01) G/cm for both |∇B
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~ z | = (-0.005 ± 0.008) G/cm, showing that ∇
~ ·B
~ holds. Therefore, from Eqs.
and |∇B
(4.9) and (4.10), the longitudinal and transverse relaxation rates are determined to
be T1 = 4256 hours and T2 = 2.4 hours.
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Figure 4.39: A plot of the magnetic field map in the x and y directions.
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Figure 4.40: A plot of the magnetic field map in the z direction.
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4.7

3

He Data

Three separate data runs were conducted with the modulated lock-in with a 10 ks
time constant. Voltage data from the three lock-in amplifiers were collected every 60
s, and the sensitivity of the 2f lock-in amplifier was 5 mV for each run. The rotation,
φ, was calculated in the same manner as previously described, that is:
φ(t) =

√

LI
2 · sens Vmod
.
LI
10πJ2 (A) VDC

(4.43)

φ(t) is then related to the volume magnetization, and hence polarization of the 3 He
target, by Eq. (4.24). As noted earlier, an estimation of the rotation for a 100%
polarized 3 He target yields ∼490 nrad. Three data sets were collected, with NMR
sweeps performed throughout for the determination of the target polarization. Furthermore, a handheld DMM was used to monitor the DC voltage level to ensure
that the beam incident upon the detector remained in the same position. Alignment
mirrors allowed for beam adjustment when a change in DC voltage was detected, an
indication of target cell movement.
The first data set, with a monitored DC voltage of 8.4 V. During this data run,
various NMR sweeps were performed, and comparisons to the COMSOL model yields
an average polarization of 5% ± 1%. Data collected from the second segment contained two irises that were added to the set-up. An iris was placed in front of the
PEM, and a second one was placed after the PEM, which helped in blocking any
back reflections from the analyzer. The iris in front of the PEM was adjusted so
that the monitored DC signal was reduced to 7.8 V for the second data set. Prior
to beginning the third data run, the iris in front of the PEM was further reduced,
resulting in the DC signal being at the 4.6 V level. NMR sweeps taken during the
2nd and 3rd data sets show that an average polarization of 6% ± 1% was obtained.
From the NMR sweeps, the target polarization for the three data sets was between
5-6%; thus, the expected rotation signal generated from polarized 3 He is 25-29 nrad.
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However, a rotation signal was not measured.

4.8

Sensitivity Measurements

A sensitivity study was performed, in order to determine the level of rotations our
set-up is able to measure. Tests were performed for the rotations due to air, where
the values measured are reported in Table (4.11), and Fig. (4.41) displays φair vs.
B0 . . Small magnetic fields were used in the standard triple modulation technique
described in the calibration section. Runs 1-4 were taken with an integration time of
100 s on the modulated lock-in amplifier, Run 6 used a 500 s integration time, and
Runs 5, 7, and 8 were taken with a 5000 s integration time. Numerous runs were
taken where B0 = 0.05 G. For this B0 setting, Runs 3, 4, and 6 are within 20% of each
other. However, data collected with 5000 s as the integration time, reflect a rotation
value roughly 25-40% of those collected with shorter integration times. Theoretical
estimations show that the rotation is expected to be φair = 1.414 × 10−9 · 4.5668
rad = 6.5 nrad, where B0 l = 4.5668 G·cm. From the air measurements, our set-up
has a sensitivity of ∼60 nrad, indicating that rotations under 60 nrad are not able
to be resolved. For the polarized 3 He experiment, a 60 nrad rotation corresponds
to a 12.2% target polarization. Therefore, since the target polarization during the
experiment was below the threshold, a rotation signal could not be detected.
Run #
1
2
3
4
5

φAir (×10−6 rad)
0.741
0.320
0.064
0.076
0.057

B0 (G)
3.50
0.75
0.05
0.05
0.05

Table 4.11: The measured rotation and applied magnetic field amplitude for various
runs for air.
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Figure 4.41: A plot of the sensitivity measurements of φ versus B0 for air.

4.9

Future Improvements and Studies

Future experiments measuring the Faraday rotation of polarized 3 He could improve
upon the existing set-up. An area of improvement is target polarization, as an increase
in target polarization generates an increase in the rotation signal. Based on the
sensitivity measurements, for Dale, the cell used in this study, 60 nrad corresponds to
a polarization of ∼12%, a percentage of polarization that should be attainable. Thus,
one may look for modifications to the pumping lasers and the method for inducing
an NMR spin-flip. As previously stated, the measured power of the pumping lasers
is ∼43 W. Reflections from the pumping chamber further reduce the laser power
for pumping; thus, the entire 43 W measured was not absorbed inside the pumping
chamber. Increasing the power of the pumping lasers, resulting in more absorption
inside the pumping chamber, causes an increase in target polarization. In addition
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to an increase in the incident pumping laser power, the development of spectrallynarrowed diode lasers have improved the alkali polarization in the target chamber
[77]. Implementing such a pumping laser would in turn increase the 3 He polarization,
thus generating a larger Faraday rotation signal.
Another consideration is the frequency range upon which the frequency sweep
occurs, such that an applied RF field of amplitude ∼130 mG is generated throughout
the range. Also, the sweep rate could be reduced further from the current setting of
10 kHz/s. A reduction in |ω̇| would still satisfy Eq. (4.37).
Throughout the experiment, the DC voltage level was monitored to detect any
changes, as a change would be indicative that the 3 He cell had moved, thus changing the emerging laser beam. When DC voltage level changes were detected, the
beam was adjusted, via alignment mirrors that were positioned before the 1st GTP.
The Guidestar II system implemented only controlled the beam position on the optics bench prior to the HeNe laser being incident upon the target. Therefore, a
future set-up that incorporates the Guidestar II system monitoring the beam position throughout the entire path length could be more sensitive to beam movement
over a greater distance, and help in maintaining a constant DC voltage level, and
hence the beam being incident upon the target in the same position.
Furthermore, Faraday rotations at other wavelengths for this system should be
studied. This probes the wavelength independent magnetic Faraday effect of polarized 3 He, in which comparisons to the rotations obtained may be made between the
different wavelengths. A truly magnetic Faraday rotation would produce the same
results at different wavelengths, given that the polarization is equivalent.

Copyright c Gretchen Phelps, 2014.
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Chapter 5 Conclusions

Magneto-optical effects, as shown in this work, are high precision applications for
system monitoring in various experiments. SMOKE was used to study the temporal
behavior of the magnetization of a super-mirror sample. The results from this investigation indicate that over the timescale of one month the magnetization of the
sample does not decay, and the use of SMOKE may be implemented as a real-time
magnetization monitoring technique for research efforts that employ super-mirrors as
neutron guides and polarizers.
Furthermore, the study of the Faraday effect of polarized 3 He proves to have numerous applications for JLab experiments, with the first ever measurement of the
Verdet constant of GE-180 glass provided in this work. These applications include
wall thickness measurements and cell diagnostics, as well as the potential for a new
polarization monitoring technique. Additionally, the parallels between the polarized
3

He system to the proposed properties of dark matter, allows for this study to become

the pioneering experiment for terrestrial dark matter detection using the gyromagnetic Faraday effect. Moreover, the new triple modulation technique developed for
this Faraday effect study may be used by future Faraday rotation experimentalists.
Magneto-optical effect investigations, therefore, are a research rich field that have an
array of applications, as precision measurement physics continues to push the envelope of experimental techniques while testing physics beyond the Standard Model.

Copyright c Gretchen Phelps, 2014.
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Appendices
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Instrumentation Set-up
For the SMOKE experiment, two lock-in amplifiers were used to measure the 1f and
2f voltage components, and a 6.5 digit digital multimeter was used to record the DC
voltage. The multimeter’s sensitivity was the full 6.5 digits, which sets its integration
time to 2 s. The integration time implemented on the two lock-in amplifiers was 500
ms.
The Faraday effect set-up incorporated the use of three lock-in amplifiers, where
the reference frequencies used in the triple modulation technique were vastly different
for the three voltage components recorded. Implemented during the triple modulation
method, the integration times of 500 ms and 320 µs were used for the DC and 2f
voltages, respectively, whereas the modulated lock-in integration time was longer,
depending upon the sample under study. For the glass samples, namely SF57, GE180, and pyrex, an integration constant of 100 s was chosen. Longer integration
times for air and the polarized 3 He target were used, due to a noisier signal. Air
measurements applied a 1000 s integration time, whereas 10,000 s was in use for the
3

He target.

Pumping Laser Studies
Data recorded for the output power for various current settings, shown in Table 1,
was collected with a single fiber connected to the laser output prior to being incident
upon any optical components. Reflected in the data is the expected linear behavior
for a P versus I curve. Also present in these recordings is the difference in power
output for the three lasers. Laser # 2 consistently has the weakest power output,
whereas Laser # 1 has the largest output power. During the experiment, a diode
temperature of 15◦ C, and a current setting of 30 A were used for all the three lasers.
An estimation of the output power from the summation of the power data recorded
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is of order ∼60-70 W for this current setting. However, this estimation is derived
without the use of the 3-to-1 combiner or additional alignment optical components
for the pumping beam.
I (A)
4
5
6
7
8
9
10
11
12
13
14
15
17
19
21
23
25
27
29

P1 (W)
0.006
0.015
0.046
0.858
1.928
3.00
4.07
5.15
6.20
7.30
8.37
9.43
11.53
13.60
15.64
17.72
19.75
21.81
23.83

P2 (W)
0.007
0.0125
0.021
0.042
0.735
1.721
2.71
3.71
4.73
5.72
6.71
7.68
9.63
11.54
13.51
15.43
17.24
19.00
20.77

P3 (W)
0.014
0.022
0.068
0.965
1.971
2.97
3.97
4.98
5.97
6.93
9.94
8.92
10.85
12.74
14.51
16.16
17.64
19.07
20.50

Table 1: The power versus current readings for the 3 Coherent FAP system lasers
used for SEOP. The expected linear correlation is observed in the data.

RF Coils
The RF coils were used to perform NMR spin-flips on the polarized 3 He nuclei as the
third parameter being modulated in the triple modulation technique for measuring
the nuclear spin optical rotation of a polarized 3 He target. Each coil is 3500 in diameter, contains ∼82 turns, and are connected in parallel with a measured equivalent
resistance of 7 Ω and an equivalent inductance of 10 mH. An HP 3324a Function
Generator was used in connection with an RF amplifier to produce the signal sup-
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plied to the coils. Prior to the signal amplification with the RF amplifier, the output
of the function generator goes through a series of capacitors, as shown in Fig. (4.25).
Studies were performed of the response of the RF coils to tuning the capacitance to
obtain a max induced voltage in a single loop pick-up coil for various RF frequencies. Therefore, it can be determined which frequency range and capacitance tuning
will generate optimum RF magnetic field amplitudes, B1 , which is calculated by Eq.
(4.25) through measuring the peak-to-peak induced voltage with an oscilloscope. The
p−p
results from this study are shown in the following tables, where Vind
is the induced

peak-to-peak voltage measured from the single loop pick-up coil.
fRF (kHz)
21
22
23
24
25
26
27
28
29

p−p
Vind
(mV)
18
22
28
38
47
46
38
30
26

B1 (mG)
92
110
130
170
200
190
150
120
97

Table 2: The measured B1 for the capacitance tuned for a resonance frequency f0 =
25 kHz with the function generator’s amplitude set to 200 mV.

fRF (kHz)
24
25
26
27
28
29
30
31
32

p−p
Vind
(mV)
16
20
28
44
60
50
36
28
24

B1 (mG)
72
86
120
180
230
190
130
97
81

Table 3: The measured B1 for the capacitance tuned for a resonance frequency f0 =
28 kHz with the function generator’s amplitude set to 200 mV.
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fRF (kHz)
26
27
28
29
30
31
32
33
34

p−p
(mV)
Vind
12
20
28
44
72
52
34
26
20

B1 (mG)
50
80
110
160
260
180
150
85
63

Table 4: The measured B1 for the capacitance tuned for a resonance frequency f0 =
30 kHz with the function generator’s amplitude set to 200 mV.

The data in the tables suggest that we have a broadly resonant circuit. The having
the capacitance tuned for a resonance frequency of 25 kHz produces the least variance
in the measured RF amplitude. Furthermore, background NMR tests suggest that a
smaller background signal is obtained if sweep performed off of resonance frequency
of 25 kHz. Therefore, a sweep between 28.5 kHz and 38.5 kHz was chosen, such that
get a smaller background NMR signal, and get least variance in the RF amplitude.
As previously stated, the RF coils are controlled via a function generator output
that traverses through an impedance matching circuit, and is amplified. The function
generator is where the sweep intervals are programmed. During the 3 He experiment, a
sweep from 28.5 kHz to 38.5 kHz, and vice versa, was performed in 1 s, as depicted in
Fig. (4.26), and the function generator was programmed for a continuous sweep mode.
A manually programmed sweep was implemented, where a four interval sequence was
used, 4 | 1 | 2 | 3, where the settings are discussed in Table 5, where one may notice
that that there is a 1 s differential between the time at 28.5 kHz and 38.5 kHz. This
is due to the retrace time on the function generator. The retrace time, the time
before restarting the sweep, on the function generator was set to ”automatic”. As a
default, the retrace time for this setting defaults to the sweep time of the last interval;
therefore, a total of 201 s is spent at 28.5 kHz, such that the setting for the sweep

117

time at 38.5 kHz is set for the same amount of time.
Interval #
1
2
3
4

Start f (kHz)
28.5
38.5
38.5
28.5

Stop f (kHz)
38.5
38.5
28.5
28.5

Sweep Time (s)
1
201
1
200

Table 5: The sweep interval settings used during the 3 He experiment.

Quarter Wave-plate Alignment
Linearly polarized light passing through a quarter wave-plate becomes circularly polarized given that the fast axis of the wave-plate is at 45◦ with respect to the polarization vector. Three quarter wave-plates from Rocky Mountain Instruments were used
for the generation of circularly polarized light incident upon the pumping chamber.
Each wave-plate was marked, as shown in Fig. (1), denoting the fast and slow axes.

)*+,%&'(#

!"#$%&'(#

Figure 1: A schematic view of the quarter wave-plate used in the pumping optics
set-up.
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For proper alignment of the wave-plates Q1 and Q3, as shown in Fig. (4.29), each
was placed in a rotational stage with the fast axis aligned horizontally, as shown in Fig.
(1), and the alignment was tested for each wave-plate individually. p-polarized light
was incident upon the quarter wave-plate, and a second linear polarizer was placed
after the wave-plate, with the emerging light entering a power sensor by Molelectron.
The wave-plate was rotated, in a counter-clockwise manner as viewed from the power
sensor toward the source, to various test angles. At each angle, the secondary linear
polarizer was rotated, and the power incident upon the sensor was monitored. The
proper wave-plate orientation angle, therefore, yields a constant power reading while
the linear polarizer is being rotated, indicating that circularly polarized light was
incident upon the power sensor.
The alignment of Q2, the quarter wave-plate with s-polarized light initially incident upon it, and once the light traverses Q2 twice, then p-polarized emerges, with
the signal being transmitted straight through the beam-splitting cube into Q3, as
Fig. (4.29) depicts. Therefore, the Molelectron power sensor was placed after the
beam-splitting cube with Q3 removed, and Q2 was rotated until a max signal was
obtained at the sensor, indicating that the correct orientation angle of Q2 is achieved,
such that only p-polarized light emerges.

Fault Circuit for Power Supply to Helmholtz Coils
The Helmholtz coils used for the polarized 3 He study had various measures to ensure
that the coils were operated in a safe manner. Under operating conditions, the
Helmholtz coils, from Walker Scientific, are water cooled via a chiller; therefore, if
the chiller malfunctions the circuit must be tripped to protect the integrity of the
coils themselves. A fault circuit box, as shown in Figs. (2) and (3), was designed
by the electronics shop at the University of Kentucky, which will turn off the coils in
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the event that there is a chiller failure and/or an over temperature detection. The
digital port connector contains the fault inhibit switch, such that when pins 3 and
4 are shorted, the power supplied to the Helmholtz coils are removed. The analog,
or voltage programming port, regulates the voltage supplied to the coils, where a
negative voltage up to −4.15 V may be provided by the Wavetek function generator.

Figure 2: A schematic diagram of the fault circuit box for safe operation of the
Helmholtz coils [78].

120

!"#$%&'#(
)*#*+,%'+

-'#%+'.(/#
0&1'.,%*2(34-5

8(=(%'(?@A6B(=

<.,$:

=>

+*2

>

6(:;

!"1*(6768(9

='.%,C*(>+'C+,DD&#C
P%+,&#?+*.&*Q
RS&%*(1%+&N1

OAB(=
L-

H(OAT(=2$
6EF(68(;

<.,$:

#7$

U(6(D9

U(@6(;
-'&.(J(

E,%*+
#7$

%*DN
#7$

34-

V(=

/4W(?/4(0N&#(X5
/4W(?(-YZ(0N&#(@5

L&C&N'+%
67@(EF(6AB(:;
H
6AG(=

JKL(MKL

?

I8(D9

Figure 3: A schematic diagram of the fault circuit box that connects to the Agilent
E4356 power supply [78]. The upper diagram shows the fault inhibitor connector
to the digital port connector, and the lower diagram displays the components of the
voltage programming connector.
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